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Forces on Cylinders and Plates in an Oscillating Fluid ' 
Garbis H. Keulegan and Lloyd H. Carpenter 


The inertia and drag coefficients of cylinders and plates in simple sinusoidal currents 
are investigated. The midsection of a rectangular basin with standing waves surging in it is 
selected as the locale of currents. The cylinders and plates are fixed horizontally and below 
the water surface. The average values of the inertia and drag coefficients over a wave cycle 
show variations when the intensity of the current and the size of the cylinders or plates are 
changed. These variations, however, can be correlated with the period parameter U,,7/D, 
where U,, is the maximum intensity of the sinusoidal current, 7 is the period of the wave 
and D is the diameter of the cylinder or the width of the plate. For the cylinders U,,7/D 
equaling 15 is a critical condition yielding the lowest value of the inertia coefficient and the 
largest value of the drag coefficient. For the plates the higher values of the drag coefficient 
are associated with the smaller values of U,,7/D and the higher values of the mass coefficient 
with the larger values of U,,7/D. The variation of the coefficients with the phase of the 
wave is examined and the bearing of this on the formula for the forces is discussed. The flow 
patterns around the eylinders and plates are examined photographically, and a suggestion is 


advanced as to the physical meaning of the parameter U,,7/D. 


1. Introduction 


Ina remarkable paper on the motion of pendulums 
Stokes showed that the expression for the force on a 
sphere oscillating in an unlimited viscous fluid con- 
sists of two terms, one involving the acceleration of 
the sphere and the other the velocity [1].2. Further- 
more, the inertia coefficient involved in the accelera- 
tion term is modified because of viscosity and, 
indeed, is augmented over the theoretical value valid 
for irrotational flow. The drag coefficient associated 
with the velocity term is modified because of the 
acceleration, and its value is greater than it would 
be if the sphere were moving with a constant velocity. 
Subsequent to Stokes’ studies, the forces on a sphere 
moving in a viscous fluid in an arbitrary manner 
were investigated by Boussinesq and also by Basset 
[2, 3]. They found that the force experienced by a 
sphere at a given time depends, in general, on the 
entire history of its acceleration as well as the instan- 
taneous velocity and acceleration. As an example, 
ifa sphere is accelerated, say with a constant accel- 
eration, from a position of rest to a finite velocity 
and is then kept at this velocity, the foree during 
the initial instants of uniform velocity differs from 
the force occurring at a later time. Rayleigh has 
— the formula for the force for this case [4]. The 
orce expression of Boussinesq-Basset contains three 
terms, one of which is in the form of an integral 
involving the history of acceleration. If the integral 
is evaluated when the acceleration is represented by 
a sinusoidal function it then vields the modifications 
of the inertia and drag coefficients in Stokes’ formula. 

One expects quantitatively different results when 
the oscillating velocities are large and the flow 
turbulent. As vet a theoretical analysis of the 
problem is difficult and much of the desired informa- 
tion must be obtained experimentally.  In_ this 
fespect the experimental studies have been dealt 
with variously. One method is due to MeNown 
and Wolf [5], who considered the force on a two- 
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dimensional object immersed in a flow as made up 
of three parts: 

F'= Aop ai + pAas+5 CODpU U , (1) 
where F is the force per unit length in the direction 
of flow, x; the velocity at points far removed from 
the object; p,, the zs-component of the ambient 
pressure in the absence of the body; dS, an element 
of the surface area; (,, the coefficient of drag; and 
k, the virtual mass coefficient. The dimension of the 
body normal to the flow is D, and Ap is a circular 
area, Aj=2D?/4, to which the added mass is referred. 
If A is the cross-sectional area of the body, A=rAo, 
r being a ratio, then 


: du 
pas =prAg dt’ 


' d(kl’ iu’ - aati 
I = Aw oe re +5 wel U. 


and finally 


In this approach the variability of the mass co- 
efficient, &, is implied. Thus, introducing a new 
coefficient k’ such that 


i’ 


,¢ 
A dt 


d : 
=a ©) 


and putting 
Cna=(k’+r), 


there is obtained from eq (1), the expression 


' dU aie 
F=CypAg +5 CaD@UU|, (4) 
which in fact constitutes a second approach utilized 
first by Morison and coinvestigators [6, 7]. The 
form of the expression is in agreement with the 
Stokes formula for force on a sphere oscillating in a 
viscous medium. In a general sense one may still 
regard (, as a kind of mass or inertia coefficient. 
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A third approach was proposed by Iversen and 
Balent, who considered the force on an accelerated 
disk moving in one direction [8]. Briefly, 


F=CpDL?, (5) 
where 
, nf DU D dw 
C=( ( — FE ) 


Keim has considered the case of accelerated cylinders 
[9] and Bugliarello that of accelerated spheres [10], 
all motions being in one direction. Here the resort 
is to a single coefficient C and attempts to separate 
the effects of acceleration and viscosity have not 
been shown to be successful. Accordingly, the 
adoption of this method can have a meaning only 
for monotonic motions subject to definite limitations 
as to initial and final conditions. 

For oscillatory motions, although the forces are 
more accurately described either using eq (2) or 
eq (4), the latter might be preferred provided the 
coefficients C,, and C, could be predicted with some 
precision. The application of the expression to 
vertical piling and large submerged objects by Reid 
and Bretschneider stresses the necessity of having 
these coefficients better determined [11]. 

On the basis of irrotational flow around the cyl- 
inder, C, should equal 2, and one may suppose that 
the value of C, should be identical with that appli- 
cable to a constant velocity. Morison and coinvesti- 
gators have obtained the values of (, and (©, in 
particular cases by considering the observed forces 
in the phases of the wave cycle where (” or dl’/dt 
vanishes. Such determinations show considerable 
variations of ©, from the theoretical value and of 
(', from the steady state value at the corresponding 
Reynolds number. Dealing with field studies at 
Caplen, Texas, R. O. Reid found similar variations 
in C, and (, [12]. The variations in the coefficients, 
however, have not vet been correlated with any 
appropriate parameter. 

The present investigation was undertaken with the 
following two objectives in mind. The first was in 
regard to a supplementary function AR that could 
be introduced in eq (4) for a truer representation of 
force when considering the coefficients C,, and C, as 
being constant throughout a given wave cycle. The 
necessity for the term AR is associated with the 
eventuality that the point values of ©, and (, 
deviate from their average values. The second 
objective was to examine the possibility of correlating 
the average values of C,, and C, with a parameter 
',,T/D, where U’,, is the amplitude of the harmoni- 
cally varying velocity, 7 is the period of the oscilla- 
tions, and PD is the diameter of a cylinder or the 
breadth of a rectangular plate. The mid-cross 
section of a large rectangular vessel with standing 
waves surging in it was chosen as the field of harmoni- 
cally varying current. The cylinders and plates were 
held fixed horizontally, totally submerged in water 
and extending from one side of the vessel to the other 
to approximate as closely as possible the condition 
of infinite length. 
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2. Fluid Forces on an Immersed Body qi 
Rest in a Moving Liquid 


Over 
' ishes 
It would be instructive to consider the momentup 
equations discussed by Murnaghan for the evaluatio, 
of force on objects immersed in a perfect liquid [13] 
The method, however, is now generalized to apply 
to imperfect liquids. 
Consider the case of two-dimensional flow with ; body 
horizontal and 2 vertical. The equation of motioy 207! 
in the «x-direction is —Pp. 


NP ex )é 
erted 
assum 


‘ ( Ow Ou of OPrz , OP zr, al Ff 

or or Oz or Oz 
where uw and w are the velocity components along Phe 
the axes + and 2, p the density of the liquid, p,, the) Suter 
normal stress on an elementary surface perpendiculg '"% - 
to x, and p,, the tangential stress on an elementary figure 
surface normal to 2, the stress being in the direction P®°° 
of x. Because of the incompressibility of the liquid the ri 
’ zontal 
du. dw with 1 
ea 0 (7), pressu 

and eq (2) becomes F 
oot re ( 0. m ae w) OPrr 4 OP ex, , 
Or Or Oz Ou Or 

which 


Take the immersed cylindrical body of surface §) Thi 
as in figure 1, and draw a surface S’ of arbitrary shape circuls 
which encloses the cylinder. Let w be the region Lettin 
bounded by S and S’ and / and n the direction cosines to Lat 
of the normal drawn inward into the region. Inte- 
grating eq (8) throughout w, and in this making use o! 
Green’s Theorem, one finds 


| see | u(lu+nw)dS 0 | u(lu 


-| (per t+np.z)dS— 


n wydS’ 


(lpr t+np,)dS’. (9 


a 














where 
in \ ‘a 
mye 1,” rom ’ 
x the 
s' ) 
equath 
=X, X, 
Introd 
omitth 
evalua 
WwW 
Ss; S> 

} 

Figure 1. Notation diagram fer force analysis. or in t 


ly ai Over the surface S of the immersed body /u+ nw van- 


hishes because the body is at rest. Also iv 


‘ntun 
lation 
[13] 
apply 


np )dS F’, that is, the x -component of the force ex- 

orted on the solid by the moving liquid. It may be 

assumed that if S’ is removed suffic iently from the 

body the tangential stress p,, on S’ vanishes and the 

normal stress p,, reduces to the hydrostatic pressure 
Solving for F, 


—p| 5 ies | u(lu+nw)dS’4 | lpdS’. 


The later relation may be given in another form, 
*) suitable for the present purpose. Select the bound- 
ing surface S’ as the rectangular strip shown in 
figure 1. The plane S; to the left of the evlinder 
yasses through the point x r, and the plane S} to 
the right passes through 2 Denoting the hori- 
z zontal velocity components at the points P,; and P, 

= the common elevation z, by “4, and uw, and the 
7) pressures by p, and p., eq (10) now reduces to 


vith» 
10 tio} 


(10) 
(h 


along 
zr th 

ic uld 
ntary 
by tion I 


iquid, ' o 


* Ou ; ey 
F=—p dla + p (u;—us)dz,+ (Pi—pdz, 
Jot ‘ ° 
8 (11) 
which is the momentum equation of familiar form. 
ce §' This may be specialized to evaluate the force on a 


shape circular cylinder when the motion is irrotational. 
egion Letting ’ be the undisturbed velocity and referring 
ssinesl to Lamb |] 4], 


Inte- 
+ ; 2 7 
ise 0] , Fe 
7 u—l [ <= cos 20 | 
r 
u ge sin 26 2 
2 a (12) 
P dl’ a . ] e e 
(9 =—-——[ pr sin @6—- (u*+ w*) 
; p dt | ” r ) 2 d 





| where a is the radius of the cylinder, r is radial dis- 





1_| stance, and @ is the angle between a radius vector and 
o,|, the vertical line s=0 passing through the center of 
242 ; , 
the cylinder. Clearly, u;=u. and the momentum 
equation, eq (11), reduces to 
* Ou ‘ , - 
F ef sider | AP pr)dz). (13) 
—— 1 
Introducing the values of u and p from eq (12), and 
omitting the straightforward but somewhat lengthy 
evaluations, the result is 
| i’ 
' ( 
Se F\=2r v 
l dt ap 


) 


jor in terms of the diameter D of the evlinder 





, prlP dU 


F=C, a a’ (14) 


where C,,=2. 

Next, suppose that the undisturbed velocity is con- 
stant and that the body experiences a drag. With the 
liquid extending to infinity and ignoring the variation 
of pressures from the shedding eddies, or, more prop- 
erly, assuming that the surfaces S; and Sj are far 
removed from the cylinder, pj=p., and eq (11) re- 
duces to 


(15) 


(ui —u3)dz). 


The velocity u,.=U, and u.=ml’, where m is de- 
pendent on 2/2 and on Reynolds number UD/v. 
Thus, 
ae 
F,=CyD = (16) 


where 


Co 2| , (1—m*)d = D 

It appears that in ordinary cases where the flow 
departs from irrotationality and becomes unsteady 
and eddying, eq (11) is still the basis for evaluating 
the force, since the first an¢ third integrals may be 
associated with acceleration and the second with 
drag. That the coefficients C,, and Cy, are de- 
rived from eq (13) and (15) provided the velocities 
and pressures can be given. The force of the state- 
ment is only academic, since in the flows involving 
separation and intermittent eddy formation the 
pressures and velocities are not known and the 
integrations in eq (11), at present, cannot be carried 
out. Nevertheless, experience suggests that eq 
(4) remains useful at least for sinusoidal motions, if 
allowance can be made for the variations in C,, 
and Cy. 

Had one carried out the integrations ‘in eq (11) 
for an extended plate using the known velocity ex- 
pressions derived from the Kirchoff solution for the 
impact on a lamina, definite values for C,, and C, 
would have resulted. This would have shown in 
principle the existence of a relation between C,, 
and C, in the absence of eddy formation. In the 
Kirchoff solution the wake is of infinite length and 
this is cause for concern. MceNown overcomes this 
difficulty by considering the case of a closed wake 
as between two plates and finds a relation between 
k and C, or between C,, and C,[15]. This result is 
very significant as it points to the path to be fol- 
lowed in analytical approaches taking into account 
also the effect of the eddy processes. With cylinders 
the changing separation seats are a cause of added 
difficulty. 

Meanwhile, the tasks of the experimental investi- 
gations become more necessary. Not only are the 
needs of the applied arts to be fulfilled, but also 
there must be clarification as regards the flow pro- 
cesses during unsteady flows. 
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3. Cylinder in a Field of Sinusoidal Motion | By the rule of Fourier in th 





y : vl} Ti j , er re “pop j | ad ' 
Forces on a cylinder admit an easier representation | | a 
when the undisturbed portion of the flow, infinite : @lcos @='>7 22 
in extent, is varying harmonically. Let the velocity | \©8 71608 °™ 2 ‘a . wa 
be given by cos? n6d@ 
Uv -U’,, cos at, (17) | shi 
o+d, COS 6+ ad, COS 20+-a, Cos 36-4 
where l’,, is the semiamplitude of the current, 7 | where In 
the period of the alternations, and ¢=22/7. The | phase 
force on the eylinder per unit length F is in general | a,—0 for n even, (30) 
F=f(t,T,Um,D,p,v). (18) | n+l g 
a,=(—1) ? — for nodd, 
Grouping the variables on the basis of dimensional n(n'—4)x 
reasoning jand 
Fil igt oP eee ee See eee 
pU,2D “\T’ D’ » ) ' Se” 1dr 105r °° “ 
| 
or introducing | Introducing this in eq (21), and writing Wii 
O=2nt/T, (19) able t 
> 
: ia i , B 
I r(o Uaa =) 90) B; = 
- = = q ; ; (Z ( 
FF ee ae | 7 
’ ° > - | , (12 or 
where U,,/v is a Reynolds number and U’,,7/D B;= Bs—— B, (2 
will be termed the “period parameter.”’ Bearing a1 
in mind that F' is periodic, and that because of flow . 
— ~<t ; a; 
symmetry . B= B;- B, where 
F(@) F(6+ 7), | ms 
, ) the ve 
we have | 
f | one has AR 
yp 1 sin 6+-Asy sin 36+-A; sin 50+... | 
pl 2p l 35 ) 55 ) | F . . ; Th ' f 
| sq A: sin 0+-A; sin 304-A; sin 56-4 7= 
+B, cos 6+ B, cos 30+-B, cos 50+... . (21) pUinD funet 
, , , tanec 
ye — é B, cos 6, cos 6+- By cos 364+-B! cos 564-2.) (OT: Oa 
Here the coefficients A,,A,.. ., and B,, By. . . are Th 
j " " , “~ : i ft) : Y ‘ - le | 
independent of 6, and are at most functions of | Now eq (24) and (27) may be compared. One ¢&h pagars 
U,7/D and U,D/v. A sure method of approach | write — 
in the analysis of the observed force curve is to re- | D Ce — oe 
es eel a ae . : Tn a Sin 56 Sin o@ 
sort to a Fourier analysis to determine the coeffi- ct nai A,+A; — +A.— BM | 
cients A,;... B,. f m sin 0 sin 6 ‘. 
and 
1 (2*F sin né ip _ 
"" wie pUusD aa) Ca B’—B COS 30 B.cos 56 The 
ry 9) l Is 7 : — oe © 8 
and 2 cos @ cos@ cos # cos 6 that 1 
1 (*" F cos né a velc 
B, x pl 27) d . (23) or veloci 
« ti m . 
seriou 
ne , . Zim gs ately 
Once the coefficients are obtained, their dependence Cc", (0) : dD (A, +A,;+A,+2(A: Tal 
on U,,7/D and U,,D/v may be established, provided ad Baten 
, . “ir ais 
-_ observational data are of sufficient number and of +A;) cos 20+2A; cos 40+ ...] (® the o 
arge extent. 
i ~} , and surfac 
The above general and fundamental relation, eq level 
° ° ° ° ¢ . 
(21), may be reconciled with eq (4), which is the form 9 they, 
which Morison and coinvestiga tors Reid, Bret- | ©,(@) 2Bi+ — r (2(B;— BD) +4(Bi— B)) cos ¥ 
schneider and others, have adopted in their numerous — 
studies. Introducing LU’ from eq (17) into eq (4) 4B‘ cos 40+-...]. (2 
, ) 
| £# ro. De <i a as o Thus if Ay, A;, and By, BS vanish, the coefficient 
= a =~ Sin 6— > \cos 6\cos 6. (24) ' 
pLZD 4 Un 2 of mass and drag remain constant for all the phase 
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in the wave cycle and 


2 U,,T 2U,T (2 F sin 6d6 _ 
Ca=3 A, =; 3 (30) 
r D e D Je pU2D 
and 
3 (2 F cos 6de 
C,= —2B,— —< —— 
d ij 1 ah. pl 2D (31) 


In the event that these coefficients vary with the 
phase @ of the wave cycle, the values given by eq 
(30) and (31) are in a sense the weighted averages 


, [ c . — 
C= | (,,(@)sin? 6dé (32) 
T Jo 
and 
} 3 °or 
(2: C4 +3 J C,(0) ‘cos 6 cos® 6dé. (33) 
With the above possibilities in mind, it is prefer- 
able to adopt the expressions 
F > »’ 1} » ‘ 
= A, siné+ B; cos 6 \cos 6} +-AR (34) 
pUZD 
or 
(2 F T De ( 
5 C77, sin 6— —“ \cos @\cos 0+ AR, (34a) 
pU2D 4 "Uy, : 


where A,, Bi, C,, and C, are constant, and AR has 


ithe value 


AR= A; sin 36+ A; sin 56+ By cos 30+ Bi cos 56. (35) 
The function AP will be referred to as the remainder 
function, and then this remainder function is ob- 
,. tained by subtracting the computed values of A, 
‘<4 sind and Bi \cos 6! cos @from the observed F/pl2D. 
The remainder thus obtained may be examined in 

- oS regard to its Fourier structure and also as to its 

magnitude. 


of the 
Waves 


4. Characteristics 


_ The region under the nodal area of a standing wave 
that may be realized in a rectangular vessel furnishes 
a velocity field of simple harmonic motion in the 
velocity component (7. This circumstance not 
seriously modified even when the surges are moder- 
ately high. 

Taking the z-axis in the plane surface of the un- 
disturbed water, the z-axis vertical and upwards and 


Is 





Experimental | 


oes * . . . 
(-9? the origin at one end of the basin, (see fig. 2), the | 


surface elevation as reckoned from the undisturbed 
level, according to the second-approximation theory, 
from Miche [16], is 


< 
ak .-; 
(90 h a cos ker sineof--a N, cos Pha —_ 
} 
> ak ,, in 
“rent a N, cos 2kr cos 2ot, (36) 
hase 4 


: . ak... ak.. 
h=asinot+a 4Ni-a 4 NN2 cos 2ot; 


where 


. _cosh 2kH 
‘sinh 2kH 
and 
Vv __ cosh? kH (cosh 2kH +-2) 
“sinh? KH sinh kH 
Here k=ax/L, L being the length of the basin; ¢= 


2x/7T, T being the period of oscillation; 7 the depth 
of water; and a the semiwave height, that is, the 
mean value of the extreme end deflections in a cycle. 
The expression for the period is the same as in the 
first-approximation theory, that is, 

o’?=gk tanh kH. (37) 


Focusing attention on the basin end s=0, the surface 
displacement is 


z=0. (38) 


Thus, the maximum elevation, occurring at t=7/2¢, is 


2 (39) 


_ . 
h,=a+a 4 Mit Nal, 
and the maximum depression, at t=32/2e, is 
h,=—at+a 


The ratio of the elevation to the depression is 


Hk 


(14 


: -1a\ | ———E— 
i, [M+ Nay ) (I—TINi+Nalzy)» (40) 


and accordingly its value increases with wave height. 


The surface configuration for t=0 is 
h aN [N, — N, cos 2kz], t=. (41) 
» : 


¢) 

















—_ 
> 


4 





L 


Fiaure 2. Notation diagram for wave profile. 
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This represents a positive hump at the center of the 
basin and depressions at the ends. As a result, the 
duration of time that the surface of the water at one 
end of the basin is found to be above the undisturbed 
level is shorter than the duration that it is below. 
This matter has a bearing on the manner of fixing the 
reference time of the force cycles studied, and requires 
further discussion. 

At a small positive time t=7», the elevation h is 
nil, and this is the time when the wave in its upward 
surge reaches the undisturbed level. 


Since or) is a small angle, sin e7y=e79, and from 


eq (38) 
. — ~~ . 
ory= (N.—N,)——=(N.—N,)? N.. (42) 
( . 2 l 4 9 2 l 16 2 
At a later time, t= 7'/2- r,, once more h=0. This is 


the time when the wave in its downward surge reaches 
the undisturbed level. Since a7; is also a small angle, 


sin or,;=o7,, and from eq (38) 
. — > ME a> 
o T} { N _— NA 2) +- ( NA — A 2 = > A os 
4 2 16 
and, thus, 
T) To (43) 


Let 7, denote the duration of time that the surface 
of the water at the end of the basin, x=0, is above 
the undisturbed level, and 7, the duration below the 
same level. Accordingly, 


T.+-T,=T, 
and 
2(T,—7 "= 2 | a) 
z * T 
By definition 
ie a 
1 i 9 + T - Tv 
and in view of eq (43) 
T, = ate 
or 
a7 sf 2or, 
T 
and, thus 
dor, 


2(7,—T,) 
T 


Introducing the value of o7) from eq (42 


kil a at 


2(7,—T;,) ~ 
f r Hl , 


Hk 
. N; 


Sir 


-N)) -N,)?N 


(71) 
(44) 


If the instant when the upsurging wave at the end 
xr=0, reaches the level of the undisturbed water is 


observed, this then determines the instant ¢ T% 
Since 47)= 7)— 7;, the value of 7) may be obtaineg 


from the time durations that the water surface j 
below or above the still level. If on the other han 
these observations have not been made, then 7) mus: 
be obtained from eq (42), introducing in it the way 
height a of the observed surge deflections. 

The expressions for the particle velocities withiy’ 
the order of the approximations considered are fron 


Miche [16], 
+ FT) 


gak cosh k(z ° 
sin ky cos of 


o cosh kH 
_3 gak? cosh 2k(z+H) She ain Yet _f 
to sinh? kH sinh 2kA "SN mt (4S 
and 

gaksinhk(z+H) 

sank Bil cos ky cos of 

39 =, emnm(s+H) 8. 
+7 °™ sinh® EH sinh 2kH °° 7" 8 20t. (46 


At the vertical plane through the midsection of th 


basin, that is, at the plane r= 1/2 or kr=-7/2, the 
velocities are 
gak coshk (2+ HH) ‘ 47)! 
COs 0 ( 
o cosh kH . 
and 
34 4 sinh 2k(z+H) : | 
w——— = gk? —_. ; sin 2of. (48 
4o sinh? KH sinh 2kH 
Thus at the channel midsection, the horizontal 


of the particle velocities is simple 
harmonic. The vertical component is also simple, 
harmonic except that the frequency is twice as 
large. The effect of vertical velocity decreases with 
wave height. It is further reduced by lowering the 
object in the basin. Denoting the position of the 
object in the basin by 2, and putting 


component 


_gak cosh k(z,+H) 


deptl 
were 
a>" 
Fo 
N=! 


reduc 


The § 
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agree 
facto 
in mi 
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Durt 
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At 
verth 
W ith 


Thus 
veloc 
then 


For 
D=7 
TI 


verti 


The 
less 
than 
Fr 
face 
or bi 


‘ 


U] Q) 5 
a cosh kH (49 
the velocity components are 
u U’,, cos oat (50) 
and 
3 sinh k(z,+H) a,-, . 
=—* kH —— -—U/,, sin 2ot. (51) 
7 sn kH HO" 


It is inferred that w becomes less significant when 
ki is larger than 0.9. This limits the length of the 
basin for a given depth of water. For studies of 
wave forces in basins of greater length or with water 
of less depth the present theory proves inadequate. 
All the experiments discussed subsequently were 
made in a basin of length L=242 em and water 
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f the 
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(48)! 
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(49) 3 


(50) 


hen 
the 
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were placed 25 cm below the water surface, that is | current was traversing the electrodes gave the time 
-— —25 em in the midsection plane 7,=121 em. that the water surface was above the undisturbed 
~ For this condition, Hk=0.908, N,=1.054, and | level, as in figure 5, 

V,=3.322. From eq (40), the ratio of end deflections 


J. ome. 


depth H=70 cm. The objects, cylinders or plates, | surface of water at rest. The time that the electric 


reduces to 


2.50 
h, 1+-0.993 a/H 59) 
~_ . (92 ers 
h. 1—0.993 a/H ' /) 
Sto 

The graph of this equation is shown in figure 3, and | 
‘alues from observation are given by circles. The | 
va a ‘ 2.00} 


agreement between theory and observation is satis- 
factory for a//7 less than 0.3. With this restriction 
in mind, the value of the semiwave height a@ may be | -»,/», 
inferred from (39), that is, 


h, me 1.50 
=1+-0.993 a/H. (53) 
a 


During the tests the elevation A; was most easily 
observed. 

From eq (49) the relation between the current semi- | aa’) ; 2 ; > 
amplitude and the wave height, in egs units, is 








U_=3.43 a. (54) 


At 2, the horizontal velocity is not uniform in the 
vertical direction. In the absence of a cylinder, | | 
with = measured in centimeters, 


oO 
sy 








| 

1 dU, | 

: -==0).00685. 

l 7 dz 0.10} 
Thus, if Al’, be the difference in the maximum | .,_,,,, 
velocities at two points differing in elevation by D, | 
then 

AU, 0 

77 0.48 D/H. | 8] 
For the largest cylinder used in the experiments, | ° 
D=7.62 em, the value of the ratio AU’,,/U’,, is 0.052. | 

The maximum value, during the cycle, of the | weds RX a ommend a 

vertical velocity component is given by o/H 


, , Ficure 4. Difference in the durations of the end elevations and 
Wn [ a==U.30 @ H. de pressions. 
The majority of the experiments were made with a 
less than 10 em. For these cases, w,,/l’,, is less 
than 0.055, 
From eq (44) the proportion of time that the sur- 
face of the water at one end of the channel is above 
or below the undisturbed level is given by 








T—T, non @ oo. f8¥ y 
-(). 328 770-254 ( 47) - (55) 





The graph of this expression is shown in figure 4 and 
values from observation are given by circles. For 
the observations, there was introduced into the 
basin at each end a parallel-wire resistance electrode, 
the bare parts of the wires being about 5 em long 
and placed in a horizontal position just touching the | fiaure 5. Time record of the durations of the end deflections. 
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5. Dynamometer and Calibration 


The sketch of the dynamometer assembly is shown 
in figure 6. The rigid and massive base A for sup- 
porting purposes is firmly attached to the steel frame 
of the rocking basin directly above the water. The 
dynamometer itself consists of a pendular frame to 
which is attached the object to be immersed in water, 
a cylinder or a rectangular plate. The frame 
constructed of brass angles and is strong enough to 
resist torsional and flexural deformation. The pivot 
depressions, located at the upper corners of the 
frame, consist of small bores of 1 mm in diameter in 
a bronze bedding. The bores are centered about 
polished steel conical points emerging from the 
supporting base. At a lower level two duraluminum 
annular rings of rectangular cross section are clamped 
to the frame and to the base. 

These rings constitute elastic elements for measur- 
ing the forces. To indicate the ring deformations 
two pairs of strain gages, SR-4, 120 ohms, are glued 
to each of the rings, inside and outside, and at dia- 
metrically opposite points. The four strain gage 
elements form the bridge which is led to a universal 
analyser. The latter is relayed to one of the chan- 
nels of a two-channel magnetic oscillograph. The 
second channel is reserved for timing observations. 
A similar connection is adopted for the other ring. 
By having four strain gages on each ring the sensi- 
tivity is increased and no corrections are needed for 
temperature changes. Two different sets of rings 
are used for measuring forces of different magni- 
tudes. The method of calibration may be inferred 
from the sketch in figure 7. The sum of the forces 
on the two rings equals 0.625 times the load applied 
to the frame. The ring deformations are examined 
for loads producing tension and compression. The 
indications of the ring deformations as read from the 
oscillograph record are linear as shown in figure 7. 
The calibrations were repeated before each run to 


Is 


guard against accidental changes in the strain-gage! 


behavior. 
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6. Record of Forces and the Reduction 


An example of two oscillograph records of the 
forces, one from each ring, and of the timing is shown 
in figure 8. The nearly sinusoidal traces relate to 
the forces acting on the rings; the others, in steps, 
vive the time sequence. The incidence of the larger 
deflections indicates the time that the parallel wire 
electrode at the basin end «=0 was immersed; and 
the incidence of no deflection indicates the time that 
the electrode was out of the water. The point P 
where the greater deflections appear to commence 
gives the instant that the upsurging water reached 
the undisturbed level. Thus the point P gives the 


7 time ‘=r, the value of which was computed from 
eq (55), 4t)— T)— 7), after introducing the semiwave 

7o.! height of the wave. This value was transferred to 
the record to mark the origin of time, t=0, shown by 

- | the line AA’. The line BB’ indicates the end of the 
/ wave cycle and corresponds to t=7. To establish 
1 , the correspondence of the records from the two rings, 


I the timing marks appearing at the lower edges of 
the records were used, 

At the time the record of the forces was being 
taken the wave elevation h; was read visually 
against a paper scale attached to the end wall of the 
basin. The water surface was readily discernable 
through the lucite walls of the basin. The magni- 
tude of the semiwave height a@ was deduced from 
eq (53), using the observed value A,;. Maximum 
current (°,, was deduced from eq (54). 

The sum of the corresponding readings of the 
sinusoidal tracings in figure 8 gives the magnitude of 
the forces acting on the two rings when the calibration 
is applied. Taking moments about the dynamom- 


eter pivot point, the total force Y on the cylinder is | 
This is divided by the length of the eyl- | 


obtained. 
inder to give F. The time history of the reduced 
force, F'/pl”,2D, is shown in figure 9. 
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FIGURE 9 Jn ecam ple of a curve of reduced forces on a cylinder. 
Run 8&2, U,. 7 D=15.6 
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7. Inertia and the Drag Coefficients of 
Cylinders and Plates 


Considering the force data in dimensionless form, 
such as shown in figure 9, the coefficients A, and B,’ 
of eq (34) were determined by the method implied in 
eq (30) and (31). The desired integrations were 
carried out in the form of summations by giving to 
the differential multiplier dé the incremental value 
Aé@=0.052r. The values of A; and B,’ thus found are 
entered in table 5 for the cylinders and in table 6 for 
the plates. Tables 1 and 2 contain the diameters of 
the cylinders, or the width of the plates, the values 
of the maximum currents and the water tempera- 
tures. Next the values of the inertia coefficient, 
C’,, were determined on the basis of eq (30), and the 
values of the drag coefficient, Cz, on the basis of eq 
(31). These results are entered in table 3 for the 
cvlinders and in table 4 for the plates. These tables 
also contain the Reynolds number U’,,D/» and the 
period parameter U’,,7/D. 

The inertia coefficient C, varies from the theo- 
retical value 2 as the diameter of the cylinder is 
changed, or with a given cylinder as the maximum 
current is varied. Similar variations occur in the 
drag coefficient Cy, the changes being in the form 
of additions to the value experienced in steady flow. 
A correlation between the coefficients and Reynolds 
number U’,,.D/v does not appear to exist. On the 
other hand, when these coefficients are related to the 
period parameter U’,,7/D, definite and regular de- 
pendencies are found. This 1s illustrated in figures 
10 and 11 for the cylinders, and in figures 12 and 13 
for the plates. 


TABLE 1. Cylinders 


[ T'=2.075 sec] 


Run D Us 6 Run D Ua 6 

in cm/sec Cc in. cm/sec wh *. 
l 3 36.2 23.0 30 l 71.7 30.0 
2 3 30. 2 22.0 31 1 58.7 30.0 
3 3 27.7 23.0 32 1 * 45.3 30. 0 
4 3 24.5 2.5 33 I 36. 0 30.0 

3 21.1 22. 5 34 0.75 70. 7 30.0 
6 3 19.2 22.0 35 . 75 63.8 30.0 
7 3 15.8 22.0 36 75 53.5 30.0 
s 3 13. 1 23.0 37 75 45.3 30.0 
9 3 10.0 23.0 38 75 38.1 30.0 
10 2.5 33.1 24.0 39 5 73.4 30.0 
1! 2.5 27.4 24.0 40 5 58.7 30. 0 
12 2.5 20.7 24.0 41 5 48.0 30.0 
13 2.5 13.0 24.0 78 1.75 27.6 22. 0 
14 2.5 10.3 24.0 79 1.75 24.0 22.0 
15 2 41.5 24.0 a) 1.75 17.7 22.0 
16 2 35.4 24.0 sl 1.75 14.4 22.0 
17 2 27.5 24.6 82 1.5 2.7 20. 5 
18 2 19.1 24.8 83 1.5 25. 2 20.5 
19 2 23.5 24.8 4 1.5 2.2 20.5 
20 1.5 53. 2 26.0 BS 1.5 14.6 20.5 
21 1.5 43.4 26.0 bd) 0.5 6.4 21.0 
22 1.5 33.4 26.0 87 5 M48 21.0 
23 1.5 25.7 26.0 SS 5 44.6 21.0 
24 1.5 19.4 26.0 SY 5 32.6 21.0 
25 1. 25 62.9 24.0 90 75 54.0 12.0 
yi) 1. 25 54.5 23.0 91 75 49.6 12.0 
27 1. 25 43.8 24.0 92 75 46.0 12.0 
2s 1. 25 35.7 2.2 WS 75 41.0 12.0 
20 1. 25 27 29.2 
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Taste 2. Plates For the cylinders, as one passes from the small’ 
(T'=2.075 sec] | values of the period parameter to the larger values 
| the inertia coefficient commences to fall from th, 
Run D U. 6 —_ D U- é initial value 2 to a minimum value of 1.00 
| r , - o> ° 
- | U,T/D=15 and then gradually increases to a valy 
‘ in. | em/ace ( in. |emieee| °¢ of 2.5 at U’,,7/D=—120. In regard to the coefficien 2 
2 3 23. 0 60 15 13.7 24.8 : ° fas ‘ 
3 5 27 | wo | et 12 aro #5 | Of drag, there is an increase from the initial valy | 4 
= : 7) ee 1S oS ies | ee 0.9 to a maximum value 2.5 at U,,7/D=15 and they = * 
Mi 3 6.4 | 2.0 | 64 12; | 11 2&5 | | there is a gradual decrease to the value obtained jp 6 
| . ‘ 
7 25 | 1.5 | 2.0 || 6 , “.2 | 30.4 steady flow. It appears that for the cylinders thy 8 
25 5 ‘ ’ ] rr . . bh . y 4 A S . . on > . 
S a ip@elinmels al + | narrow region around U’,,7/D=15 is a critical one .. 
80 25 | 103 | 24.0 | 68 18.9 | 304 As regards the plates, the course of the variations . 
5 2.5 6.5 4.0 69 0.75 7. 1 30.8 y y . . . , 
of C,, and Cy with the period parameter is of a very 12 
52 2 21.6 27 7 75 7 Oo ’ . _ _ " y ara Be 3 
= 2 oe i ee 12 Si ge) Be | different kind. It will be noticed that C,, first ip. + 
MM 2 16.1 | 27.0 || 72 75 | 27.4 | 30.8 creases, then decreases and finally rises again toy 
55 2 13.0 | 27.0 | 73 72.4 | (30. i Ae le cataneaaiiial 
Mi 2 99 | 20 || 74 ; 436 300 | Value of nearly 4.5. The most remarkable behavior 
aw os | one | acs ics 40 | a0} | however, is in regard to (Cy. The coefficient of — { 
SS 1.5 25. 0 4.8 76 ) 15.3 30.0 OF . “t} o } : “re ’ , 19 
= 15 | 9 | MR || 77 ' =e | =e drag, starting with an unusually large value, 10 - 
decreases rapidly at first and then gradually fo : 
2 
TABLE 3. Cylinders = 
; 25 
Run Ca Ca U,nT/D Un Die Run Ca Ca UnT/D UnDs pa 
» 
l 1.11 1. 24 9.9 203 X10 0 1. fi 1.09 Ss. 227 X10 »”9 
2 1. 44 1.14 8.2 239 31 1. 70 1. 29 17.9 ISS 0) 
$ 1.49 1, 32 7.¢ 225 32 6s 1. 40 7.0 143 
4 1.70 1.13 6.7 106 3 1.4 1.49 20.4 1l4 31 
4 1. && 1.00 5.7 169 1. 82 1.10 77.0 167 32 
33 
6 1.95 0.91 2 152 ; 1.61 1.19 69.5 151 4 
7 2.05 1. 23 3 12 7] 1. 63 1.42 AS. 3 127 $. 
& 2 10 1.01 6 106 17 1.6 1.45 ht 107 
9 2.14 0.70 2.7 SI is 1.84 1.50 41.5 oe ) 3H) 
10 0.74 1.09 10.8 229 +) 2.54 1. 07 119.9 1l¢ 37 
38 
11 1.14 1. 61 5.0 180 1) 2.35 1.29 GAS 93 49 
i% aaa 1. Ae 6.8 14 1! 2.15 1.42 78.5 76 1) 
13 2.70 5 3 ww 7s 0. 82 1.W9 12.9 127 
4 2. 06 1.12 4 71 7a s4 2. OS 11.2 111 41 
15 0.72 1.7 17. ¢ 30 x0) 1. 41 2.06 . S2 7s 
79 
16 70 1. OS 14 106 SI 1.78 1.75 6.7 67 a 
17 83 2.18 11.2 152 x2 0. 80 2 05 15.6 104 s] 
Is 1. 1.89 7.8 108 x3 7s 2. 28 13.7 oh 
19 1.10 1.97 uf 132 s4 ST tf 11.0 ri x 
A) 1L@m 1. 30 0 231 a 1. 4 > 18 7.9 “ a3 
“4 
a1 1.02 1.49 2 188 Sf 2. 52 1.18 108. 4 RS 8 
22 0. 85 17 18. 2 14 x7 > 131 8.5 71 sD 
23 74 2.1 14.0 112 x 2 32 1.43 72.9 5° 
24 a7 2.21 10.6 “4 x0 2. 26 1.4 53. 2 12 ST 
25 1. 24 1.1 41.1 218 00 1. 82 1, 28 5S. 8 S3 RN 
st) 
2t 1.27 1.23 5.6 20) 91 1.81 1. 38 4.0 7t w) 
27 1.40 1. 46 2K. ¢ 152 2 1.81 1.42 1 71 +] 
an) 1, 26 l 2 2 13s 43 1. 7é 1. 4 44.7 t 
2 0.87 1. 7@6 17.7 105 W2 
a4 
TABLE 4 Plates i 
Run ( Ca .7T dD UnD)s Run c:. Ca U,.7T/D UD 
12 1.04 8.7 s 11410 “oO 2. 5l 15 7 ps t 
' 1.74 & SI ‘ 103 61 2.14 25, 24.2 142 : 
“4 1. A 9. 76 7 mi} #2 1.07 4 1 13 
5 1. 51 10. 21 2 5 “3 143 104 14.3 “4 
wh 1. 35 11. 55 7 j2 ot 2. 25 4.43 10. 5 h2 5 
17 2. 2s MO) 6.1 1Us Hi 2. 45 113 6 ! 
is 2.12 7.06 52 104 iH 2 10 , AA ox, 2 1] 
a) >on OT 2 ww “7 2. ol oO 2) 4 ST 
“) 1.01 S14 , 4 71 hs 1M 1. 38 15.4 “4 
l 1. a7 11. 44 2.1 5 “9 17 > 43 2.2 1s 
2 » “1 x 8 ] 2s if] 2. BS 2. Sb a 
} 2.44 +s ea 112 71 2.80 + O68 41.1 ; 
4 2.42 t 4 ff 72 2 71 ta 20.49 roa 
a) 2.17 7.25 5. 3 vi 73 eu 1.81 118, 2 114 
va) 2. 1¢ x (4 ] at] 74 Lo 2 Of 14.0 wo! 
7 OU 4.11 if 127 re Lon 2. 32 SS s 
58 1.07 1. 28 13. 10 7 58 2.45 74.0 72 } 
ny ” (ms 1 41 TT mf) 77 1) 2 59 a "| Diam 
Corre 





small’ TABLE 5. Cylinders TaBLe 6. Plates 
alues 
mn the Run 1 By i B; As Bs; |UmT/D Run A\ Bi As B; As B; |UmnT/D 
0) a - ‘ 
Value | 0. 56 -—(). 62 0.11 0.04 —0). 03 0. 08 9.9 42 2.50 4. 38 0. 58 0. 56 0.01 —0. 05 3.8 
ici . 2 87 57 06 03 02 06 8.2 | 43 2.49 | —4.41 . 58 47 | .04 —.11 3.5 
ent 3 97 tii Os 00 02 04 7.6 | 44 2. 86 4. 88 47 40 —.02 —.18 2.7 
Value rl 1. 26 ai) 03 +. 05 01 03 6.7 45 3. 42 5. 11 8 45 —. O01 —.17 2.2 
5 1. 62 51 (02 05 00 03 5.7 | 46 3.83 | -—5.77 | .438 48 —. 02 —. 16 1.7 
- then 
ed j 6 1.84 $6 +. 02 06 00 01 2 47 1.86 | —2.75 | 37 . 58 —.08 | —.03 6.1 
I - 2. 35 62 01 12 01 (2 4.3 1s 2. 03 3. 53 45 59 —.04 —.02 5.2 
S the 8 2.91 51 03 14 +. 01 TD 3.6 9 2.32 | —4.01 . 58 . 64 —. 02 02 4.2 
) 9 3.87 35 ol OS 02 +. 02 2.7 ww 2.81 —4. 32 . 52 +. 07 —. 06 3.4 
one 10 0. 34 M4 19 02 04 OR 10.8 51 3. 63 5. 72 . 61 . 55 01 —.14 2.1 
LU1Ons 11 63 sO 14 05 04 wo 8&9 52 1.24) —2.61 | .35 42 | —.05| +.02| 8&8 
very 5) 1. 25 6s 07 02 00 06 6.8 | 53 1. 56 2. 74 31 49 —, 06 —, 08 7.7 
7 .° 13 2.34 5s +. 10 +. 13 +. O01 ol 4.3 4 1.81 3. 16 38 . 56 —, 05 —. 02 | 6.6 
St In- 4 3. 03 5th 01 4 00; +.01 3.4 55 2.01 | —3. 63 45 54 —.01} —.03] 53 | 
to a 1 0. 21 ut 18 oo 04 O5 17.0 ay » 63 ~4. 02 66 00 00 — Ol 4.1 
Lior 16 24 yy 22 01 02 07 | 14.5 57 0.29 | —2.05 29 33 +.02| +.07| 163 | 
17 $6 1.09 19 O05 (2 12 11.2 5S 3y 2.14 30 .3l . 00 . 08 13.6 | 
nt off 18 95 0. 95 14 04 02 1 7.8 59 1.00 | —2.31 29 43 —. 08 00} 10.3 | 
. 10 19 57 Ww 15 06 01 1 0.6 60 1. 66 2. 58 30 54 —.07 | —.04 7.5 | 
’ ” 17 fh 05 Oo Ol 03 20.0 61 0. 44 1. 62 ll .18 —. 05 —. 02 24.2 | 
Vv for 2 21 74 0 00 00 04 23.6 62. 27 1.97 18 19 4.02) +.07| 193 
» 23 87 1 05 4 07 18. 2 63 49 2. 04 31 . 36 —. 02 04 14.3 
23 nt 1. OS 22 04 Oo OS 14.0 tH 1.05 2. 22 30 45 —. 06 —. O01 10.5 
4 41 1. 10 20 07 00 11 10. 6 65 0. 36 1. 56 O8 .B —. 05 —. 01 33. 6 
) 25 15 0. 58 00 +. 01 - 00 01 41.1 ti 37 1.77 ov 16 —.04 -. Gi 28.2 
*” Is #2 01 ol 00 02 35.6 67 44 1.84 16 .19 —. 02 +. 03 22. 4 
7 24 73 01 (2 00 02 28.6 68 50 2.19 32 38 —.01 .06 | 15.4 
as 27 76 04 00 Oo O5 23.3 ht) 25 1. 21 05 05 —.02 —. 04 62.2 
9 4 87 13 O4 04 07 | 17.7 70 28 1. 43 06 08 -!i —.661 2.2 | 
1) 14 ND +. 02 +. O01 00 Ol 58.6 71 35 1. 53 OS ll —.04 —. 04 41.1 
31 17 4 (v2 ol ol Ol 47.9 72 45 1. 6S 11 .18 —. 03 —. O01 29.9 
2 22 70 01 03 Oo 02 37.0 73 21 0.91 06 o |; —.0l —-.03 | 118.2 | 
$3 27 74 Ol (V2 00 02 20.4 74 19 1.01 06 03 -. O01 ~.03 | 104.0 | 
34 12 55 03 ol 01 ol 77.0 75 22 1. 16 O05 O5 —. 02 —.03 | 8&3 
35 11 HO Ol Ol Ol ol 69.5 76 4 1.22 O5 05 —. 02 —. 02 74.0 | 
th 14 71 Ol 02 00 02 58.3 77 31 1. 29 .07 . 06 —, 03 —, 03 58.6 | 
37 1" 72 01 02 01 Ol, 49.3 | 
4s 22 75 Mm (2 Oo Ol $1.5 
44 10 4 03 oo oo Ol 119.9 
mn 12 65 02 Ol 00 OL!) 95.8 3 T T 
4 14 71 01 02 TD 01 | 78.5 
7s 31 ay 1s O5 ol 10 12.9 | 
79 37 1.04 19 2 03 12 11.2 
8) s4 1. 03 15 10 O1 13 8.3 
s! 1. 30 0. SS 07 10 OO 10 6.7 . 
a 0. 25 1m » 03 4 On 15.6 
3 28 1.14 24 01 01 10 | 13.7 
M4 39 1.18 23 O5 2 14 11.0 
Re a] 109 15 4 00 12 7.9 be 
sh 11 0 5a - O38 + O1 oo Ol 108. 4 
vi 14 05 2 Ol ol 01 89.5 r 
ws 16 72 (i! hed ol Ol 72.9 | ~ 
su 21 77 ol 4 +O] Ol 453. 2 q 
Ww) 15 4 4 Ol 00 01 58.5 
] 17 Hu 4 Ol 00 01 4.0 
72 IS 71 (W2 02 Oo ow W.1 | 
4 1u Wi 2 (2 00 Ol 44.7 t ‘ 4 4 - ——— 
25 50 : 75 100 125 
m/l 
' ; FiGurReE 11. Variation of drag coefficient of cylinders. 
Diameter (inches 32.5 2 1.75 1.6 1.25 1 07% 05 
Corresponding symbol A © @ aH ¢ + 
L. _inereasing period parameter. The final value is 
1 —— | almost identical with that found for steady flow. It 
5 eo ake , | is perhaps important to mention that O’Brien 
| . - . t . ~ 
~| 4} ' and Morison [17] noted equally large values of drag 
‘ eo coefficients for spheres subjected to the action of pro- 
4 , . . 
t hs | | | gressive waves. It will be noted that the larger 
ta * values of C, are associated with the smaller values of 
c,, and the larger values of C, with the smaller 
values of C,. Beeause the drag coefficient is large 
when U,,7/D is small and the variation of C,, 1s 
. 5 ; c oO 25 | relatively moderate, the wave forces on plates are 
» . essentially due to drag, and the inertia effects play 
IG on of inertia coe flic j s ; . _ ; 
: IGURE = Variation of 0 a coe flicient cf cylinders. a small role almost independent of the period 
meter (inches 325 2 1.75 1.5 125.1 075 0.5 
Corresponding symbol @awue- parameter. 
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Ficure 12. Variation of inertia coefficient of plates | 
Diameter (inches $25 2 1.512% 1 O07 O58 0 | 
Corresponding symbol A Se A @ eo 
Fiat 
Dia 
L i i L i i i H i j } Cor 
18] oO! 02 03 04 0.5 06 07 08 0.9 10 
y t/T 0 
\ Figure 14. Evaluation of remainder force AR for a cylinder «| 
Run 82, U»T/D=15.6 - 
“4 4, ~ "¢ 
Bi icos 81 cos @ 
5 F 0.2 
*. pUlo Ame - 
ee 2 ae As 
0 ‘ 
« r ‘ il 
Fieure 13. Variation of drag coefficient of plates 
Diameter (inches » 25 2&2 LS LD OA Aas Fiat 
Corresponding symbol A @ A eB @ 
Dia 
Cor 
8. Variations of the Remainder Function 
and C,, and C, During the Wave Cycle 
The values of C,, and Cy given in tables 3 and 4 are \ pl =—a — aa % | 
average values for the entire wave cycle, and in some ; ' as : 
cases local values may differ from the average. ; —_" ® 
, . . 5 . ’ ya Fiaure 15. Evaluation of remainder force AR for a plate. 
Where the inertia and drag coefficients, C,, and (4, sagged , ; 
each have the same constant value at all phases of the Ran, CarDaes, 
wave cycle, eq (24) should suffice to describe ade- a2 i 
quately the magnitude of the forces at every phase. | 
On the other hand, should (C,, and Cy, vary with the 
. se | 
different phases, the forces are better represented by 
eq (34a). The variations in C, and (, should lead SS ee 
to the remainder force function AR. The examples | Fiat 
of the remainder function AR are given in figures | ~°!*~-* 
14 and 15 where AR is the difference between al Ge | _ 
fF /pl2D—A, sin 6 and B; cos @| cos 6! in conformity ~< ms 
, “1, 1 COS G7 | COS 0| ; b = ee a 
with eq (34). Once a curve of AR as a function of 6 Pa we! 
is obtained, its structure in Fourier components may | it 
be considered and the coefficients A,, As . . ., and 4, 
B;, B; may be obtained. These determinations | tha 
are given in tables 5 and 6 and in figures 16, 17, 18, val 
and 19. 0.3, 10 > ( 40 40 50 60 70 BO 90 1OO no 2 tio! 
Now for the determinations of the local values of err UmT/D in ¢ 
(’, and (y, two methods are available. The first | _ mae ' , is t 
gives the point values of the coefficients in a wave | Pt@uRe 16. Variation of —- ee er ee the 
. cylinders. 
evele as determined from the observed values of : yale : oS A 
F 2p s é 24 T : : f : ° 3 Diameter (inches $32.5 2 1.4 1.5 1.2 1 0.75 0 
pl,,//, using eq (24). wo sets of evaluations Corresponding symbol A @aut°*¢ 
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Ficure 18. Variation of coefficients of the remainder force of 
cylinders. 
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Figure 19. Variation of coefficients of the remainder force cf 
plate 8. 
Diameter (inches 3 4 1.5 LD l 0.75 0.5 
Corresponding symbol @ at? 


were made, the basic suppositions being as follows: 


It was assumed in the first evaluation that for 
0,=2/2+ a and 6,=7/2—a, where a@ is an angle less 


than w/2, the coefficients C,, and Cy each have equal 
values, since these are the phases where the accelera- 
tions, du/dt, are equal, and the currents uw, are equal 


in absolute value although of opposing signs. This 
is true also for 6,;=37/2+a and @=32r/2—a. In 
the second evaluation, it was assumed that for 


§=r+ B68 and @=x—8, where B is an angle less than z, 


the coefficients C,, and Cy each have equal values, 
since these are the phases where the currents, u, are 
equal and the accelerations, du/dt, are equal in 
absolute value, although of opposing signs. Also 
since we know the values of the coefficients A,, Ag, 
A; and B), B;, Bi, the curves of C, and Cy, as 
function of @ may be obtained by using eq (28) and 
(29). The latter is the second method and is mathe- 
matically equivalent to the assumptions made above. 

In the cylinder data the agreement between the 
observed and computed force is satisfactory when 
U,,7/D is small. The computation was based on eq 
24), introducing the values of C,, and C, from the 
tables. Figure 20 illustrates this agreement. The 
local values of C,,(@) and C,(@) for this case are shown 
in figure 21. The first determinations discussed 
above are shown by circles and squares, whereas the 
curves are determined by the second method. It is 
seen that C,,(@) is independent of the phase t/7' and 
that the coefficient C,(@) is constant except in short 
ranges of the phases t/7=0.25 anc 0.75. This is 
expected, for at these phases the current w vanishes. 
The values of C,, and Cz determined by eq (30) and 
(31) are given in the caption. 

The agreement between the observed and com- 
puted forces is also satisfactory when the period 
parameter is large. This is illustrated in figure 22. 
The local values of the coefficients for this case are 
shown in figure 23. Here again, allowing small devi- 
ations, (,,(@) is practically independent of the phase 
t/T and differs very little from the value given in 
table 3. On the other hand, considerable variations 
are obtained between the observed and computed 
values of the forces in those cases where the period 
parameter is near U’,,7/D=15, as shown in figure 24, 
The local values of the coefficients for this case are 
shown in figure 25. Now C,,(@) varies considerably 
with the phase ¢/7’, the smaller values occurring at 
t(/T7=0.0, 0.50, and 1, and the larger values at 
t/T=0.25 and 0.75. Also, C,(@) appears to be con- 
siderably augmented at the phases et the velocity 
u vanishes, that is, at ¢/7’=0.25 and 0.75. The ex- 
ample shown is typical for all the ‘cases where 
U’,,T/D is in the neighborhood of U,,7/D=15. In 
the example shown in figure 25, C,,(@) shows large 
negative values at the points t/7’=0, 0.5, and 1.0. 
The significance of this is not clear. It is believed, 
however, that the presence of negative values is not 
related altogether to the observational methods that 
were used. 

For the plates deviations were always found be- 
tween the observed values of the forces and the values 
computed on the basis of eq (24). An example is 
given in figure 26. The local values of C,,(@) and 
(,(0) for this case are shown in figure 27. 
An additional example is given in figure 28. What 
is shown in these figures is typical for all the runs 
made with the plates. The coefficient C,,(@) under- 
goes considerable variation in value for varying t/7, 
the greater values occurring at t/T=0, 0.5, and 1.0 
and the lesser values at t/7=0.25 and 0.75. Further- 
more, the increase in (,(@) at the points t/7=0.25 
and 0.75 is very decided. 


435 
















st A, sin@ + B' icos@! cos@ 
F 
pULD 





| 
.4\ 


2 ».4 0.6 8 
t/T 


FiGcure 20. Comparison of measured and comput d forces ona 
cylinder. 
Run 9, U..7/D=3.0 
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Figure 21. An example of variation of the inertia and drag 
I : 
coefficients of a cylinder during a wave cycle. 


Run 9, U,,7/ D=3.0, Ca=2.14, Ca=0.70. 
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Figure 22, Comparison of measured and computed forces on a 
cylinder. 
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FIGURE 23. 
coefficients of a cylinder during a wave cycle. 


Run 93, U»7/D=44.7, Ca=1.76, Ca=1.54. 
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Figure 24. Comparison of measured and computed forces ona 


cylinder. 
Run 82, U..7/D=15.6. 
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Ficure 25. An example of variation of the inertia and drag 
coefficients of a cylinder during a wave cycle. 


Run &2, U,, 7/D=15.6, C»=0.80, Ca=2.05, 


For the cylinder data, as long as the period parame: , 


ter is sufficiently small, or sufficiently large, the forces 
may be computed on the basis of eq (24); the re- 
mainder function, A??, is small. For period parame- 
ters in the neighborhood of the critical value 
U’,,T/D=15, the representation of forces is mort 
exact using eq (34a); the remainder function is of 
significance. For the plate data the remainder may 
not be disregarded, in particular when the period 
parameter is small. 
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FicURE 26. Comparison of measured and computed forces on a 





plate. 
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Figure 27. An example of variation of the inertia and drag | 


coe fiicients of a plate during a wave cycle. 
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Ficure 28. 
coe flicients of a plate during a wave cycle. 


Run 69, U,. 7 D=62.2, Ca=3.17, 
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An example of variation of the inertia and drag | 


| 9. Flow Pattern Around Cylinders and Plates 


| 


The flow patterns around the cylinders and plates 
for varying values of U’,,7/D were examined, because 
they may have had a bearing on the fact that the 
nature of forces during a cycle is significantly affected 
by the period parameter. The flow pattern was 
visually examined by introducing a jet of colored 
liquid on one side of the immersed object. The 
disposition of the liquid close to the object during 
the cyclic motion was recorded by a still camera and 
also by a motion-picture camera. Some of these 
pictures are shown in figures 29 and 30. 

Figure 29, a and b, were taken with the 3-inch 
cylinder, the first corresponding to U’,,7/D=4, the 
second to a larger value U,,7/D=10. When the 
period parameter is small there is no separation of 
flow; the liquid near the cylinder clings to the cylin- 
der, and the partitioning of flow from above and 
below issymmetrical. It will be remembered that at 
low period parameter the inertia coefficient is about 
equal to the theoretical value 2, and drag is negligible. 
| As U’,,T/D is increased there is separation of flow at 
the top surface of the cylinder during the relatively 
longer time that the flow continues in one direction. 
Although not visible in the picture, somewhat later, 
but prior to the reversal of current, liquid coming 
around the cylinder from below moves upward and, 
although transforming into an eddy, remains close 
to the cylinder. 

Figure 29, c¢, illustrates the flow pattern for 
U,,7T/D=17 with the 2-inch cylinder. Note the 
complete separation at the upper surface of the 
cylinder with the following flow around the lower 
surface directed upward with the subsequent eddy 
formation. 

A completely different picture is obtained for large 
period parameter, as shown in figure 29, d, taken 
with the \-inch cylinder, U,,7/D=110. Here one 
is confronted with the regular Karman vortices. 
The eddies are separated alternately from above 
and below. 

With plates the flow patterns are decidedly 
different, especially for small period parameter. 
Figure 30, a and b, show the 3-inch plate, the first 
_ corresponding to U’,,7/D=1, the second to a larger 
' value, U,,7/D=4. Eddies are formed almost simul- 
| taneously at the upper and lower edges of the plates. 

For the smaller value of U,,7/D the eddies are 
apparently concentrated nearer the edges of the 
ans. Perhaps the large values of the drag coeffi- 
cient for small period parameter are associated with 
the behavior of the eddies in this case, but the ques- 
tion is left open for another occasion. 

Figure 30, c, illustrates the flow pattern for 
U,,T/D=15 with the 1%-inch plate. Here the eddy 
formation is no longer symmetrical, the separation 
occurring first at the upper edge of the plate followed 
by an eddy formed at the lower edge, remaining close 
to the plate. 

Again the Karman vortices are obtained for large 
period parameter as shown in figure 30d taken with 
the 4-inch plate, U’,,7/D=110. 


| 
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Flow patterns around cylinders 





Flow patterns around plates 
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The eddy appearances discussed above suggest the 
following interpretation as to the physical meaning 


of U, 7/D. If one defines a length, /, as the distance 
that a fluid particle would move in one direction in 


the absence of the cylinder, /=U,,7T/x. Thus, 
iH. rl 
D Dp 


and accordingly the period parameter is proportional 
to the ratio of the distance traversed by a particle 
during a balf cycle to the diameter of the cylinder. 
When the period parameter equals 15, 1/D is 4.8. 
Perhaps when L’,,7/) is smaller than 15, the distance 
traveled by a particle is not large enough to form 
complete eddies. When it equals 15, the distance 
suffices to form a single eddy, and when much larger 
than 15 the greater distances allow the formation of 
numerous vortices of the Karman vortex street. 
One can hardly refrain from pointing to the similarity 
between the period parameter and the Strouhal 
number, and as suggested by McNown and Keulegan 
[18], the product of Strouhal and period parameter 
numbers furnishes an alternate parameter as service- 
able as the period parameter number. If 7, be the 
duration for the shedding of a single eddy, then the 
Strouhal number f)/l’=S may be written as 
D/(2T,U') =S, since the number of alternative eddies 
shed during a second is 2f and 2/7, equals 1 second. 
One may suppose that the relation satisfied 
approximately also for sinusoidal motions, provided 
Uisreplaced by U’,,/2. Hence, the Strouhal number 
for sinusoidal motion is ))/(U’,,7,)=S. 

Multiply the two sides by the wave parameter 
number U’,,7/D, 


Is 


EP 
i: 
For cylinders, ignoring the dependence of S on the 
Reynolds number, 
U1 
T/T,=0.2——— - 
D 


As noted previously for the cylinders, C,, attains its 


least value, slightly less than unity, at about 
U,7/D=12.5. This corresponds to the condition 


that 7/7,=2, nearly, and suggests that during a half 
cycle, that is, during a complete motion of fluid 
particle in one direction, a single eddy is formed and 
is separated (see also the figure 29, b). Obviously, 
the process of eddy shedding has a very significant 
bearing on the variations of the so-called coefficients 
of mass and drag, and account needs to be taken of 
this in the theoretical formulation of the basic 
process. 


10. Maximum Force During a Wave Cycle 


In engineering applications the main interest is in 
the magnitude of the maximum force experienced 
during a wave cycle. If the remainder function is 
neglected, the expression 

F/plt 3D 


A, sin 6+ Bi\cos @\cos 6 

















instead of the eq (24), may be utilized to evaluate 
the maximum force F,, and also its phase. If the 
maximum force F,,,/pU;,D occurs at 6=8,, the phase 
may be defined as 
—1r—9,,. 
The maximum value of the computed force is given 
by 
Fm 1, sin 6,,+ Bi\cos 6,,\cos 6 
ror.” 64 . m 50S ™ ‘OS n° 
pp ~ 7 


where 6,, satisfies the relation 


— A, 
2B 


or 


’ , . . T 
A,+2B;, sin 6,,=0, or sin 6,,= for 5< On<z° 


As the coefficients A, and Bi are functions of U,,77/D 
only, then F,,/pU2D and © both are functions of 


UTD. For greater accuracy, the remainder 
function AR must be considered, but then the 


evaluations become somewhat involved. If these 
evaluations are made, the maximum force and phase 
are again functions of the period parameter. 

An alternative procedure is the direct establish- 
ment of the maximum force and phase by merely 
taking these quantities from the reduced force 
curves of this investigation. Such readings for the 
cylinders are given in figure 31 and for the plates in 
figure 32. 
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maximum force on cylinders. 
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Figure 32. Variations of the magnitude and phase of the 
maximum force on plates. 
Diameter (inches 325 2 1.5 125 1 075 0.5 
Corresponding symbol A @ AH ¢ + 
TABLE 7. Cylinders 
I a Fa 
, = ‘ ? 
U.T D ae U.TD 
eU2D degrees ” eU2D degrees 
2.5 oo 82.0 12.5 1. 28 6.5 
3.0 3.45 81.2 15.0 115 6.0 
3.5 3.02 SO. 17.5 1.03 ». 0 
0 2.65 SO. 0 2.0 0.93 $0 
1.5 2.44 79.0 25.0 sO) 1.0 
5.0 2.10 78.0 30.0 73 0 
5 1.83 76.6 35.0 70 6 
6.0 1.60 75.0 w.0 Hs 0 
6.5 1.42 72.5 50.0 6 0 
7.0 1. 30 65.0 0.0 H5 &.0 
7 20 35.0 70.0 63 3 
5.0 120 5.0 80.0 43 a.7 
9.0 1.25 3.0 90.0 62 5.9 
10.0 1. 28 6.0 100.0 #2 9.0 
TABLE 8. Plates 
on t F 
an ? = t 
U.nT/D . (degrees UnT/D . 
oU2D degree ™ pU2D degrees 
2.0 6. 50 24.0 10.0 2.71 34.9 
2.5 6. 00 25.6 12.5 2.44 32.0 
3.0 5. 55 27.0 15.0 2. 25 8. 5 
3.5 5. 20 28. 2 17.5 2.10 26.0 
4.0 $85 20.5 20.0 1. 06 23. 5 
1.5 4.5 30.8 25.0 1. 76 18.3 
5.0 +. 30 32.0 30.0 1.63 13. 6 
5.5 4.05 33.0 35.0 1.53 11.1 
6.0 3. 82 33.6 0.0 1.45 9.7 
7.0 3.43 34.9 50.0 1. 33 8.9 
0 3.10 35.5 60.0 1.2 8.7 
9.0 2. 86 35.5 70.0 1. Is 00 
80.0 111 9.5 
90.0 1. 06 Ww. 1 
100. 0 1. 02 10.8 


WaAsHINGTON, December 2. 1957. 











For reference purposes, the data of the curves i’ 
given in tables 7 and 8, and can be used direct}, 
In a future communication the forces on cylinder 
held in vertical positions will be computed on thy 
basis of the data in these tables and will be com, 
pared with the laboratory observations already 
completed as a matter of concrete illustration, — 
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fully examining the force records and preparing thy 
corresponding charts and the diligence and resource. 
fulness of Victor Brame in carrying out the experi- 
ments. 
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Reaction of Portland Cement with Carbon Dioxide 


Charles M. Hunt, Vernon Dantzler, Lewis A. Tomes,' and Raymond L. Blaine 


The reaction of portland cement with carbon dioxide was found to be greatly influenced 


by the moisture environment of the cement. 


Reaction with carbon dioxide and water also 


affected the subsequent hydration of the cement. 


1. Introduction 


Portland cements stored for several months in an 
environment that permits gradual access to air some- 
times appear to hydrate more slowly than when the 
cements were first tested. It is a well-known fact 
that cement can react with carbon dioxide when 
exposed to air or other atmospheres containing this 
gas [1].2 The reaction is accompanied by a certain 
amount of hydration due to atmospheric moisture. 
A number of vears ago Bonnell [2] studied the effect 
of carbonation of cement on setting time, heat of 
hydration, and tensile strength of the material after 
hydration. He found all of these properties to be 
influenced by carbonation of the original cement. 

More recently, the determination of nonevaporable 
water in hardened cement pastes has been used 
rather extensively to estimate the degree of hydra- 
tion of cement [3, 4,5, 6]. The present paper con- 
siders the effect of carbonation of cement upon its 
subsequent hydration, using nonevaporable water as 
a measure of hydration. 

Bonnell [2] and Lea [1] have mentioned that the 
reaction of cement with carbon dioxide is dependent 
upon relative humidity and that such reaction will 
not take place in a dry atmosphere. A brief re- 
investigation of this matter is also described in this 
paper. 


2. Methods and Materials 
2.1. Carbon Dioxide Exposure 


Cement was exposed to carbon dioxide in a tube 
similar to the one illustrated in figure 1. The 
carbon dioxide was brought to predesired relative 
humidity by passing it through gas-washing bottles 
containing sulfuric acid of appropriate concentration. 
Approximately 1 g of cement was taken for each 
exposure and the entire specimen analyzed. When 
larger amounts of cement were exposed, the cement 
was taken out and blended at intervals. 

Cement was also carbonated in air by exposure in 
a large outdoor enclosure where it could have free 
access to air but be protected from wind and rain. 
The cement was spread in layers 2 mm thick or less 
for this tvpe of exposure. 
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Figure 1. Cell for exposing 


cement to carbon dioxide. 


2.2. Determination of Carbon Dioxide 


The carbon dioxide content of the cement was de- 
termined by the evolution method, digesting the 
material with 4 N hydrochloric acid and absorbing 
the evolved carbon dioxide in Ascarite. Anhydrous 
calcium chloride was used in the system to absorb 
water, and silver sulfate in concentrated sulfuric 
acid was used to absorb any hydrogen sulfide that 
might be present. The apparatus and other details 
of the determination are similar to those described 
by Kolthoff and Sandell [7]. 


2.3. Hydration of Cement 


was mixed with water in a water- 
Mixing was carried out in a 
to minimize contact with air. 


The cement 
cement ratio of 0.5. 
soil-density balloon * 


Soil-density ballons are supplied by the Rainhart Co., Austin, Tex. The 


type used in this work had a total volume of about 160 ml 
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The paste was cast in the form of 's-in. cylinders by 
extrusion into paraffin-coated paper molds. The 
paste-filled molds were kept in stoppered glass tubes 
for 24 hr, after which the specimens were sawed into 
\-in. sections. Hydration for periods greater than 
24 hr was carried out in paraffin-sealed quart jars in 
the presence of a high concentration of water vapor. 


2.4. Determination of Nonevaporable Water 


The pastes were crushed and nonevaporable water 
was determined by a _ procedure similar to that 
described by Copeland and Haves [5]. However, 
instead of applying a correction for ignition loss of 
the original cement, the specimens were analyzed 
for carbon dioxide and corrected for carbon dioxide 
content. Nonevaporable water computed in this 
way includes all nonevaporable water in the speci- 
men, regardless of whether it was acquired before or 
after mixing. 


2.5. Cements 
Four cements were used in these experiments. 
All were type I cements according to Federal Speci- 


fication SS-C-192a. The results of chemical analysis 
of the cements are given in table 1. 
Chemical composition of cements 


TABLE 1. 


Cement 
Constituent 


ight 


CaO 64.0 #2 “4.1 

| SiO; 22.0 22. 2 22. 3 

| AlyoOs 5.2 52 50 59 
FeO +6 2 ¢ <0 23 
MgO 1.6 4.8 1.9 7) 
sO 15 1.9 20 22 
Ignition loss 0.2 O5 1.0 07 

| Insoluble residue l ; 0.3 2 


3.1. Effect of Water on the Rate of Carbonation 


Portland cement was exposed to carbon dioxide at 
different relative humidities for different periods of 
time and analyzed after exposure. In figure 2 the 
carbon dioxide content is plotted as a function of 
exposure time. At relative humidities of less than 
25 percent, carbonation was found to be very slow. 
The slope of the bottom curve in figure 2 
that the cement would not have reacted with much 
more carbon dioxide even if it were exposed for a 
much longer period. At 50 to 55 percent, the rate 
of carbonation increased, and at 90- to 95-percent 
relative humidity the increase was most marked. 
The curves at these higher relative humidities 
showed no evidence of leveling off after a week of 
exposure. 
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FIGURE 2. Effect of relative humidity on the rate of carbonatio o= 
of portland cement. ° 
V7, Cement exposed to dry carbon dioxide, O, cement exposed to carbon dioxidl 
at 20- to 25-percent relative humidity, X, cement exposed to carbon dioxide 
“- to 55-percent relative humidity, 0, cement exposed to carbon dioxide at ® 
to 95-percent relative humidity, A, cement exposed to air for 1 week, B, fres 
cement paste exposed to air for 1 week Fieu! 


Because the rate of carbonation was so dependent, peat « 
on relative humidity, cement was also exposed by 
passing carbon dioxide into a freshly-mixed paste! 
The initial water-cement ratio of the paste was 0.5 
but the mixture dried during exposure. In figure 3 
the rate of carbonation of fresh paste is compared 
with that of cement at 90- to 95-percent relativs 
humidity. It may be seen that during the first few 
hours the paste carbonated much faster than the 
cement, but thereafter the rate diminished sharply 
The decrease in rate was probably due to drying of 
the paste. It is clear from the results in figure 2 
and 3 that water is an important limiting factor iy 
the rate of carbonation of cement. 

Cement, and fresh cement paste, were also expose 
toair. Figure 4 shows the amount of carbon dioxid 
gained upon exposure to air for periods up to 28 days 
Again the fresh paste acquired much more carbon 
dioxide than the dry cement during the first day, but, 
after drying, the rate for paste was slightly less thai 
that of the cement. From these results it is clear} 
that even at the low carbon dioxide concentration 
normally present in air, water can also be a rate 
determining factor. 

Point A, in figure 2, shows the amount of carbon 
dioxide in the cement after a week of exposure to ait. 
It is included in the figure to point out that the 
cement contained more carbon dioxide after a week) 
in air than in pure, dry carbon dioxide. Point B, in 
figure 2, shows that the cement paste contained mor 
carbon dioxide after a week’s exposure to air that 
was present in dry cement after a similar period i 
carbon dioxide at 50- to 55-percent relative humidity 
From these observations it is concluded that the 
concentration of water can exert a greater effect on} 
the rate of carbonation than the carbon dioxid 
concentration. 
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X pose d to air, 


Rate of carbonation 


10 20 


EXPOSURE 


paste in air. 


, fresh cement paste exposed to air. 


TIME , DAYS 


30 


of carbonation ef cement and fresh cement 
paste in carbon dioxide. 


it 90- 95-percent relative humidity; +, 


of cement and fresh cement 


The results shown in figures 2, 3, and 4 were all 
obtained with cement 1 in table 1. 


3.2. Effect of Carbonization on the Hydration of 
Cement 


Cements containing different amounts of carbon 
dioxide were mixed with water and allowed to 
hydrate. Nonevaporable water in the hardened 
paste was determined after 1 day, 7 days, and 28 
days of hydration. The results are given in table 2. 
It may be seen that the more highly carbonated 
cements contained smaller amounts of nonevaporable 
water after hydration. In figures 5, 6, and 7, carbon 
dioxide content of the cement before mixing is 
plotted as a function of nonevaporable-water content 
of the hardened paste after hydration. Both quan- 
tities have been expressed in millimoles per 100 g of 
ignited cement. This comparison shows no simple 
stoichiometric relationship between the increase in 
carbon dioxide content of the cement and the de- 
crease in nonevaporable water in the paste, but it 
shows that comparatively small differences in the 
number of millimoles of carbon dioxide in the cement 
are associated with rather large differences in the 
number of millimoles of nonevaporable water. The 
effect is just as evident after 28 days of hydration as 
after the first day. 

Carbonation of cement is accompanied by a 
certain amount of hydration by water vapor in the 
carbonating atmosphere. For this reason, the 
effects shown in table 2 and in figures 5, 6, and 7 may 
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Figure 5. Nonevaporable water content of cement pastes 
after 1 day of hydration as a function of carbon dioxide 
content of the cement before mixing. 
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TABLE 2. 


content 
days of hydration as a function of carbon dioxide 


of cement pastes 


Nonevaporable water content of hardened pastes and 


carbon dioride content of cement from which they were pre- 


pa red 


Cement 


Initial CO 


percentage 


of ignited 


cement 

0. 34 

[ °% 
41 

| 1. 48 
2. 46 

0, 25 

[ 
36 

4 
1. 68 

0. 23 

[ “2 
52 

1.75 
2. 31 


None 


1-day 
hydration 


Percentage of ignited 


ible water 


ipror 


l-week 
hydration 


l-month 
hydration 


cement 
14.50 18. 0 
13. 47 16.9 
11.01 17. 30 
10. 22 15.1 
10.19 14.80 
11.70 15. 40 
10. 93 14. 38 
10. 80 14, 20 
40 14.16 
8. 91 13. 34 
11. 4 19. 47 
10. 91 17.75 
10. OS Is. 42 
4.14 15. 60 
8. 79 16, 22 
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Figure 7. Nonevaporable water content of cement pastes 

after 28 days of hydration as a function ef carbon dioxide 

content of the cement before mixing 
not be exclusively due to carbon dioxide in the 
cement. Pastes were prepared from four specimens 


of cement in which the initial water content of the 
original cement varied from specimen to specimen, 
whereas the carbon dioxide content was nearly 
constant. These were compared with pastes from 
four specimens in which both carbon dioxide and 
water contents of the original cement varied from 
specimen to specimen. The nonevaporable water! 
content of the eight pastes after 24 hr of hydration 
are given in table 3, along with the water and carbon 
dioxide contents of the original cement. It is evi- 
dent that both the water and carbon dioxide in the 
original cement exerted an influence on subsequent 
hydration. The comparative effects of the water 
and carbon dioxide in the original cement can perhaps 
be best illustrated by considering nonevaporable 
water content of the hvdrated paste as a function of! 
the water content of the original cement, as has been 
done in figure 8. It may be seen from the figure that 
carbon dioxide produced an effect on hydration over 
and above that produced by water in the original 
cement. 
able water in the paste was also somewhat greater 
than the total number of millimoles of 
dioxide and water in the cement that were associated 
with the effect. 
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The decrease in millimoles of nonevapor- | 
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pas 
whi 


——' Taste 3. Nonevaporable water content of hardened cement | heaters were used to keep the freshly placed concrete 
-3 — = eae and water content of cement from | warm. They attributed this undesirable behavior 
to carbonation. The results in figures 2 and 3, 

1 : although they give no direct evidence as to the 
Initial CO2 Initial HO | NOnevaporable | quality of the cement after carbonation, show that 
Mrignited | bf ignited (ay (percentage the exposed surface of a freshly mixed cement will 
cement) | cement) yon my react with carbon dioxide many times as fast during 
the first few hours as will the same cement before 


i. 79 mixing. 


0. 44 0.97 
| 5 52 


65 ° ° . - > 
2 ) 180 119 m It is also evident from the results in figures 5, 6, 
4 — ™ = and 7 that the amount of nonevaporable water in a 
hydrated cement after a g'ven time of hydration is 
influenced to a measurable extent by the amount of 
carbon dioxide in the original cement before mixing. 
It is interesting to consider these results in the 
light of Bonnell’s [2] observation that the tensile 
strength of mortars and pastes at early ages was 
adversely affected by small amounts of carbon dioxide 
\ in the original cement, whereas strength at 28 days 
7 was not adversely affected until carbon dioxide 
levels greater than those in the present experiments 
were encountered. If any comparison between the 
present observations and those of Bonnell is justified, 
it implies that cement containing different amounts of 
carbon dioxide can develop the same strength at 
28 days, even though there may be measureable 
differences in the amount of hydration products 
present. 

The mechanism by which carbonation and reac- 
tion with atmospheric moisture reduces subsequent 
hydration is not established. The similarity of the 
effect at all ages, as shown in figures 5, 6, and 7, 
suggests that changes produced during carbonation 
do not affect the rate of hydration, as such, unless 
possibly within the first few hours. However, as a 
result of carbonation, a fraction of the cement is 
made unavailable for hydration, and the amount 
| the of hydratable material so affected is not a linear 
mens function of carbon dioxide content. 

f the 00- - ~ From the standpoint of practical use it is doubtful 
men, WATER IN CEMENT BEFORE MIXING, 'if small amounts of carbon dioxide and water 
early MM/100 g OF IGNITED CEMENT _ seriously impair the hydraulic properties of portland 
from ‘icuRE 8. Nonevaporable water 'cement. All cement probably contains — small 
and content of cement pastes as a amounts of these substances. In the experiments 
from function of the water in the described here, cement was given maximum oppor- 
vater! cement before mixing tunity to come into contact with carbon dioxide 
ition X, 0.43 to 0.4%percent CO» in cement’ and water, whereas in bulk storage the cement in the 
rbon > CE 6S SO Sey ae ee outer layers of the mass affords some protection to 
evi- the cement on the interior. However, to obtain 
1 the , , maximum reproducibility in carefully controlled 
uent 4. Discussion hydration studies, it is desirable to avoid reaction 
‘on with carbon dioxide and water during storage. 
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The results in figure 2 are in essential agreement 


pt oo) the statements of Bonnell [2] and Lea [1] | 5. Summary 
relating to the effect of relative humidity on the | 
reaction of carbon dioxide with cement. A certain In confirmation of earlier observations reported 
amount of water is necessary before carbonation can | by Bonnell [2] and Lea [1], cement was found to 
proceed, at least at any appreciable rate. carbonate slowly or not at all when exposed to 
The results in figures 3 and 4 show that cement in | pure, dry carbon dioxide. In the presence of in- 
a fresh paste is particularly susceptible to carbona- | creasing concentrations of water vapor, however, 
tion wherever the surface is exposed. This observa- | the rate of carbonation increased rapidly. Cement 
tion is of interest in connection with Kauer and | was also found to carbonate faster when freshly 
Freeman’s [8] investigation into the cause of softness | mixed with water than in an atmosphere of high 
of the surface of concrete floors where oil-burning | relative humidity. 
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The amount of nonevaporable water in a hardened 
cement after 1 day, 7 days, or 28 days of hydration 
was found to be smaller as the amount of carbon 
dioxide in the original cement increased. The 
reduction in the amount of hydration at any given 
age was greater than the amount of carbon dioxide 
associated with the effect, when both were compared 
on a molecular basis. Water in the original cement 
also appeared to curtail subsequent hydration of 
the cement, but the effect was less than the com- 
bined effect of water and carbon dioxide. 


WASHINGTON, November 13. 1957. 


’ 
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Average Energy of Sulfur-35 Beta Decay 
Howard H. Seliger, Wilfrid B. Mann, and Lucy M. Cavallo 


The rate of energy emission in an approximately 400-millicurie source of sulfur-35 was 


measured by means of a “radiation-balance’”’ microcalorimeter. 


This value and the disinte- 


gration rate of an accurate dilution of the sample measured by means of 478-gas-proportional 


counting yield a mean energy for sulfur-35 beta decay of 50.4 (+93) kev. 


been determined to be 87.16+0.1 days. 


1. Introduction 


The rate of energy emission in approximately 
400 me of sulfur-35 was recently measured by means 
of the radiation balance [1, 2]! for the purpose of 
determining W,,,, the average energy expended to 
produce one ion pair in air by the beta particles 
emitted by sulfur-35 [8, 4]. A part of this sample 
of sulfur-35, which was of high specific activity, 
was subsequently used to prepare radioactivity so- 
lution standards of the nuclide. From these stand- 
ards a number of sources having extremely low solid 
content were subsequently prepared for 478 counting 
(5, 6, 7]. These low-solids sources were prepared 
in the same manner as for the determination of 
W,, at the National Bureau of Standards [4]. 

The average energy of the sulfur-35 beta decay 
was derived from the results of disintegration rate 
measurements by 478 counting and the rate of energy 
emission obtained from the radiation balance. 


2. Radiation-Balance Measurements 


The sample of sulfur-35 consisted of about 400 me 
of sodium sulfate sealed in a soft-glass tube 3.3 mm 
in external diameter and 35 mm in length. A 
dummy source of the same dimensions containing 
inactive sodium sulfate was also prepared for use in 
the second cup of the radiation balance. 

It so happened that there were available in the 
laboratory at the time two other radioactive prepa- 
rations that were emitting energy at about the same 
rate as the sulfur-35 sample. One of these was a 
polonium-210 sample that had been used to measure 
the branching ratio in the decay of polonium-210 [8], 
and the other was a sample of about 4.8 curies of 
tritiated water sealed in a quartz tube under a partial 
pressure of about 2 em Hg of hydrogen. This 
latter sample was subsequently used to prepare 
the National Bureau of Standards tritiated-water 
standards. 

For the purpose of checking the internal consist- 
ency of the results obtained, it seemed that it would 
be advantageous to measure the tritium, sulfur-35, 
and polonium-210 samples together as a triad in the 
radiation balance in the manner described by Connor 
and Youden for the comparison of four national 
radium standards [9]. 

The results of a great many measurements on the 
polonium-210 preparation have already been re- 
ported [8] and were satisfactorily consistent. 





Figures in brackets indicate the literature references at the end of this paper. 








The half-life has 


The 4.8-curie tritium preparation was also meas- 
ured over a period of about 4 months to insure that 
no error might arise from energy releases due to the 
chemical effects of radiation which might be ex- 
pected to vary with time. Here again the consist- 
ency of the results was quite satisfactory. The 
National Bureau of Standards tritiated-water stand- 
ards prepared from this sample were also subse- 
quently compared by the method of liquid scintil- 
lation counting with the tritium standard samples 
distributed by Atomic Energy of Canada Limited 
and with the tritium standard of the University of 
California’s Los Alamos Scientific Laboratory. 
Agreement was obtained to within 1.3 percent with 
the Canadian standard, and to within 0.7 percent 
with the Los Alamos standard. 

The results of the microcalorimetric comparison of 
the tritium, sulfur-35, and polonium-210 prepara- 
tions are shown in table 1. From these results 
“best estimates” for each of the three preparations, 
incorporating the difference measurements as well as 
measurements on the individual preparations, were 
obtained in the same way as has been described for 
the national radium standards [9]. These best 
estimates are 155.7 ww for the tritium as of May 10, 
1955; 119.9 uw for the sulfur-35 as of 1430 EST on 
May 11, 1955; and 262.6 uw for the polonium-210 as 
of 1315 EST on May 11, 1955. 

After measurement, the sulfur-35 preparation was 
put into solution by breaking the soft-glass container 
by the simple expedient of heating one end of it in an 
electrically heated coil and then plunging it, while 
hot, into cold distilled water. 


TABLE 1. Rate, and differences in the rate, of energy emission 
from preparations of tritium, sulfur-35, and polonitum-210 


Energy 

1955 Time (EST) Source emission 
(aw) 

May 10 1330 092! M4. 6 
May 10 1630 S35. 113 35. 1 
May 10 1730 H3 154.8 
May 11 1130 Po?!)-H3 106. 5 
May Il 1315 Po2!-S35 142.8 
May 11 1430 S35 120.0 


3. 478-Gas-Proportional Counting 


The low-energy beta-ray spectrum of sulfur-35 
(Es max==167 kev) would normally preclude the 
determination of the disintegration rate of this 
nuclide by the 428-gas-proportional-counting tech- 
nique. A self-absorption effect, which could be as 
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high as 5 to 10 percent, was observed even for cobalt- 
60 (28 max=310 kev) [6]. However, the cobalt was 
in the chemical form of CoCl,, which tends to form 
appreciably large crystals, whereas the sulfur was 
incorporated into an SO;~ ion. With the active 
material as a part of a negative ion and in a different 
environment (H* and SO;~ ions), it was felt that it 
might be possible to go to very low-solids concen- 
trations where even agglomerization might be 
difficult, without the danger of adsorption on the 
glassware, which usually occurs with positive ions. 
Because of the high specific activity of the original 
source it was possible to obtain reasonably high 
activity 4rg-counter sources even after dilution to 
low-solids concentration. The mass of sodium sul- 
fate originally measured in the microcalorimeter 
was approximately 100 mg. The final dilution con- 
tained only 2.5 ug of solids per milliliter. Usually 
only 0.02 ml was delivered to a 428-counter source- 
mount, so that the final source contained 0.05 ug. 
(The corresponding figure for the cobalt-60 sources 
prepared from CoCl, was 1.5 yg.) Stepwise dilu- 
tions were made of the original master solution, 
using conductivity water and 0.5-N_ redistilled 
hvdrochloric acid with no additional sulfate carrier. 
If there were any adsorption at this very low con- 
centration of sulfate ions, it was felt that the effect 
might be magnified in the absence of the strongly 
acid, 0.5-N, hydrochloric-acid solution. Therefore, 
parallel dilutions were made using only conductivity 
water. Over a period of several months, sources 
prepared from both solutions gave the same count- 
ing rates in the 4x8-counter. This appeared to be 
strong evidence against the presence of appreciable 
adsorption effects. 

Over extended periods of time, water will etch the 
surface of a Pyrex glass container. This etching 
process releases extremely minute silica flakes into 
the solution, and the additional solid material could 
increase the self-absorption in a 428-counter source. 
Because the experiments on source preparation ex- 
tended over a period of a vear, it was considered 
advisable to look for this effect. In February 1956, 
some 9 months subsequent to the preparation of 
the original dilutions in glass flasks, a millicurie of 
high-specific-activity carrier-free sulfur-35 as H,SO, 
in 0.1-N hydrochloric acid was obtained from the 
Oak Ridge National Laboratory. This material was 
diluted sufficiently with conductivity water and 
stored in a quartz flask in which there should be 
much less etching with time than in the regular 
Pyrex glass flasks. The ratio of disintegrations per 
second per milliliter of the new “quartz-flask’’ 
solution to the disintegrations per second per milliliter 
of the older “‘glass-flask”’ solutions was obtained to 
a high degree of precision by the technique of form- 
amide counting [7, 10]. By use of this saturation- 
thickness method the solutions could be compared 
independently of any minute differences in solids 
content owing to the possible presence of silica in 
the glass-flask solutions. 428-counter sources were 
then prepared under identical conditions from these 
the counting rates observed were 


solutions, and 


| 
| 


in the same ratio as the formamide counting rate 
within the precision of the measurements. This re 
sult provided substantial evidence that the effect ¢ 
silica on the self-absorption was small, if present at al] 

Aliquots of solution were delivered to collodion 
Formvar-polystyrene laminated films ranging frop 
2.5 wg/em? to 10 wg/em?*. Six different methods 9 
precipitating the source material were tried. Thes 
were, in order of their effectiveness in reducing soure 
self absorption: (a) evaporation in air of the entin 
aliquot, (b) deposition of the aliquot in approxi 
mately 20 droplets covering almost the same are 
as (a) and evaporation in air, (c) evaporation in aj 
of the aliquot, redissolving in water and re-evapore. 
ting in air, (d) evaporation in air, heating under ay 
infrared lamp, redissolving in water plus the addition 
of a droplet of ammonium hydroxide, (e) evaporation 
in air, redissolving in water and re-evaporating in 4 
saturated ammonia atmosphere, and finally, (f) evap. 
oration in air without heat, heating under an infrs. 
red lamp, redissolving in water, and then drying in 4 
saturated ammonia atmosphere. The tremendous 
differences in counting rates observed in the 4x 
counter for sources prepared by these different meth. 
ods are apparent in table 2, in which the averages of 
observed counting rates are given for the various 
methods. It should be emphasized that all sources 
contained identical amounts of activity. 


») 


TaBLeE 2. Range of values obtained for various source-prep 


aration methods 


Average Individual 

Number of value (in standard 

Method sources counts per deviation 

second (in counts 

per second 
i 11 11. 53010 ‘. 7é 
b 6 12. 16 1.10 
(ce 23 12. 62 +0). 70 
d 3 12. 00 +0). 25 
‘ SS 13. OS +-(), 7! 
f x”) 13. 81 +0.4 


Method (f), giving the optimum results, was also 


used to prepare sources for the measurement of 
Wate [4]. It was not possible to investigate the} 


structure of method (f) sources as thoroughly as was 
done for iodine-131 sources, i. e., by shadow electron} 
micrography, as described in reference [7]. Because 
of the high normality of the solutions, sources pre 
pared for electron micrography were not too stable 
and usually corroded the stainless-steel supporting 
grids of the specimen holder. However, it was pos 
sible to examine briefly some portions of several 
sources. These showed one of two forms, either aa} 
extremely fine precipitate of particles of the order 
of 100 A in diameter or a structure similar to a flal 
“two-dimensional” crystal of thickness approx 
mately 100 A. In any case it appeared that, by 
pure empiricism, a method that gave a minimum oj} 
self-absorption had been found for depositing th 
sulfur-35. It is not clear why this method is sé} 
much more effective than the others. There 8 
perhaps some physical action on the substrate sa 
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¢ rate well as on the solution caused by the heating, redis- 


‘his re. solving, ete. 
fect ¢ The small but significant spread of values obtained 
tatall even when sources were prepared by method (f) is an 
lion q indication that there still remains a small-self- 
x from absorption effect. Based on the observations in the 
ods gf electron microscope and on subsequent measure- 
They ments of the absorption of sulfur-35 beta rays in 
soure thin films, a self-absorption correction of 1 percent 
entir was used in calculating the final result. Due to the 
proxi uncertainty of particle size in the electron micro- 
© ares scope this correction could vary over the range (2) 
in ait percent. — 
apors Corrections for mounting-film absorption were 
der ay! made by means of the sandwich technique described 
dition in reference [6]. Owing to the low energy of the sul- 
ration fur-35 the aluminum leaf normally used for the sand- 
ging wich measurements introduced at least a 5-percent 
evap film-absorption correction factor. In order, therefore, 
infra. to check the validity of the previous derivation over 
ging this larger range of mounting-film absorption, ex- 
ndou periments were performed with much thinner con- 
e 4x§ ducting films as well. Observed counting rates as 
meth. functions of film thickness were plotted for up to 
ges of five layers of thin films of collodion made conduct- 
ariou. ing by vacuum evaporation of extremely small 
yurces quantities of aluminum. In these cases absorption 
amounted to only 1 percent per film. Straight-line 
extrapolation of this type of transmission curve to 
prep zero film thickness gave the same results as the 


' original aluminum-leaf sandwich measurements. 

Because the measurements of disintegration rate 
extended over a long interval, it was of consider- 
able importance to obtain an accurate value for 
the half-life of sulfur-35. A least-squares analysis 
of disintegration-rate values obtained in the 478 
counter with the same sources over a period of 5 
months gave a value of 87.16 +0.1 days. This 
value was used to correct all data. 





As a final check on the accuracy of the 478-gas- | 


proportional-counter standardization, the solution 
that had been standardized was compared with a 
ales solution standard received from Atomic Energy of 
t of Canada Limited, Chalk River, Ontario, the latter 
the) b@ving been sent to the National Bureau of Stand- 
ards as part of a joint international program of 


was! : “she a 
trop} ittercomparison of radioactivity standards. The 
aust sample from Canada was too weak to be measured 
pre. with high precision by means of the formamide- 
able a 
“ting Taste 3. Inte rcomparison of AECL S*® solution standards * 
pos 
reral United Canada England 
States 

r any 
rde NBs AECL AECL McGilU. | RCH AERE 

flat inf inf internal inf tr-GM i7-GNi 
. s prop prop gus prop counter counter 
OXF counter ounter counter countet 

by 1. 37 5 1. 3 1.49 1. 36 1. 32 
n Oly 

the * Results are given in microcuries per milliliter as of April 6, 1955 
5 680) Royal Cancer Hospital 

. Atomic Energy Research Establishment, Harwell 
1S The apparent disagreement shown here is probably due to solution differ 

» gay Cneest ather than differences in counting techniques, based on previous agreement 


with other nuclides 


counting technique. A portion of the NBS stand- 
ard solution was therefore diluted with sufficient 
carrier to be equivalent in solids concentration and 
in the same range of activity as the Canadian 
sample. Sources from each standard were prepared 
on palladium-faced silver disks, and activity ratios 
were obtained in (a) the top half of the 4x8 counter 
and (b) the NBS 2z¢-ionization chamber. Both of 
these measurements gave the same ratio within 0.2 
percent. 

Table 3 summarizes the results obtained for similar 
samples distributed by AECL to other standardizing 
laboratories as well as the NBS results as deduced 
from the above precise comparison. 


4. Results and Discussion 


A rate of energy emission of 119.9 yw corresponds 
to 748.410" ev/sec. The total disintegration rate 
of the original sodium sulfate was 401.5 me. The 
mean energy per disintegration is therefore 50.4 kev. 
Table 4 gives a summary of the corrections and uncer- 
tainties associated with the measurements. The 
uncertainty of the experimentally determined mean 
energy is (*3:3) kev. 

This experimentally determined value agrees quite 
well with the value of 49.4 kev calculated by Shi- 
manskaia [12] from the Fermi distribution. Shiman- 
skaia also reported an experimental value of 52 +3 
kev, using a defined solid-angle Geiger counter for 
the absolute-activity measurements. 

Recently, Loevinger [13] has calculated a value of 
48.8 kev for the mean energy of sulfur-35 beta decay, 
with an uncertainty of +0.75 percent. Jesse and 
Sadaukis [14] have quoted a value, determined by 
calculation, of 48.7 +0.25 kev. 


TABLE 4. Sources of error in measurement of E 


Source of error Uncertainty 


o 


€ 
Source preparation and 4a counting +0. 51 
Source self-absorption correction (75) 
a= 9 
Half-life correction +0. 33 
Film-absorption correction +1 
Radiation-balance measurement +0.3 
Dilution of 400-me sample. +.3 
Total uncertainty (t 3 
—2.4 
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Effect of Structure on the Thermal Decompo- 
sition of Polymers 
Leo A. Wall and Roland E. Florin 


During recent years a considerable 


number of theoretical and experimental studies 


have been published on the kinetics and mechanism of the thermal decomposition of pol- 


vmers. The 
four basic steps of initiation, 
fairly complete 
available 
of the 
trace 
tive to trace 


propagation, 


impurities. The magnitude of the 
structures or impurities. 


molecular transfer is indicated to be of more 


1. Introduction 


The hydrolytic degradation of polymers that are 
bonded by functional groups has been studied for a 
long time. For example, the mechanism of degrada- 
tion of cellulose by dilute acid appears to be an at- 
tack of the reagent upon functional groups located 
atrandom. The kinetics of this type of random or 
near-random degradation are now well known [1].? 
Incidental to this mechanism are a ver vy sharp initial 
drop in molecular weight of the polymers and the 
appearance of very little monomer until very late in 
the reaction. 

In contrast, the degradation of vinyl polymers by 
heat shows a much wider variety of phenomena. 
The initial drop in molecular weight may be sharp 
or negligible, and the vield of monomer may be very 
small or ne arly 100 percent. If monomer is formed, 
it usually is found even at the start of the reaction. 
In some cases, e. g., vinyl chloride, the main reaction 
observed is a stripping of side groups (here H and 
Cl atoms), leaving the carbon skeleton nearly intact. 
This stripping reaction [2,3] will not be considered 
further here. 

There is fairly general agreement that the phenom- 
ena of most pyrolytic degradations of vinyl polymers 
require a free-radical chain mechanism. Several 
authors have developed special theories along this 


line [4,5]. A comprehensive theory was developed 
in several papers by Simha, Wall, and Blatz [6,7,8]. 
The necessary reaction steps, according to this 
scheme, are 
(1) Initiation. 
ky 
waCH X —-CHY—-CHX-—-CH Yr > 
weCHX--CHY-+-CHX—CH Yoos, 
Modifications may involve end-groups, peroxidic 


fragments, ete. 


rhis paper was presented in part before the 126th meeting of the American 
Chemical Society, September 1054 


? Figures in brackets indicate the literature references at the end of this paper 


rates and activation energies are, 
It is shown that intermolecular transfer will account 
for the rate behavior in a large number of polymers. 


| 


treatment of depolymerization as a free-radical chain reaction involving the 
transfer, 
understanding of the process in a large number of cases. 
are discussed from this point of view. 
thermal decomposition rate curves are 


and termination seems adequate for a 
Rate data now 

It is shown that most of the characteristics 
a result of their basic structure and not of 
however, sensi- 


In a relatively few other cases intra- 


importance, 


(2) Propagation. 


pooCH X—-CH Y—CHX—CHY- —— 


sooCH X—-CHY-+ CHX=CHY. 


This is the reverse of the propagation step in free- 
radical polymerizations. 


(3) Transfer. 
k 
wmeCHX—-CHY-+ ~CHX-—CH Y—CH X—CH Yooo diab 
eaCH X—CH YH +eaCH X—CH Y-+ CH XC Yooe 


The relative importance of transfer is a principal 
distinction from the mechanism of polymerization 
and also from some other theories of degradation. 
An internal transfer is also possible: 


CHY 
pooCH X-- 


CHX—(CHY 
CH Y=CX 


seeC Hi X CH X) 


(CHY 


.CHY: — 
CHX),—CHYH. 


Internal transfer can be treated formally as a special 
variety of propagation. 


Termination. 


(4) 


waCc HX 


ky 
CHXeeoe , 


CHY+CHYH 


CHY-+-CHY 


roe X CH Xa 

With the usual steady-state assumption, the rate 
equations can be solved in general, and solutions have 
been published for some extreme cases [6, 7, 8]. For 
intermediate cases, the labor of computation appears 
formidable. 

It was necessary to consider the effects of the usual 
experimental procedure of conducting the pyrolysis 
in an open system, with continual volatilization of 
all products lying below some minimum molecular 
weight. The corresponding minimum degree of 
polymerization (DP) is denoted as L. The principal 
results are the appearance in some cases of an initial 
rate of volatilization and a maximum in the curve of 
rate against percent volatilized, both of which are 
greater the higher the limiting molecular weight for 
volatilization |7]. 
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The present results of theory can be surveyed in 
terms of several kinetic parameters: 
Reduced time, r=h;/, 


N/2, 


Initial degree of polymerization 


Transfer constant, o, 


probability of transfer . 
o ro : =Heli/), 
probability of initiation 


where 7? has its usual meaning of radical concentra- | 


tion. 


Approximate ‘‘zip” length, Z, (1/e—1), 
probability of propagation 
probability of termination + transfer 


- ky k Ri l 


t-¢/2) for random initiation, 
k/k,R [1+-¢/2(N—1)] for end initiation. 


The zip represents that part of the kinetic chain 
length confined to the depropagation within a single 
molecule. It is analogous to the degree of polymeri- 
zation in addition polymerization. Both become the 
actual kinetic chain length when transfer is absent. 

The salient features of the theory are shown in 
figure 1, in which results for the extreme cases are 
compared. For all curves, ¢ is taken as zero. Never- 
theless, the probable effect of transfer can be pointed 
out. In the figure the theoretical values for the rate 
of volatilization and for the relative degree of poly- 
merization, both plotted as a function of conversion, 
are given for certain extreme cases. The values of 
the zip lengths are shown on the curves. From this 








EXTREME CASES OF | MONOMER RATE vs CONVERSION RELATIVE OF 
CHAIN DEPOLYMER- —YIELO 
ZATION THEORY CONVERSION 
tr ~ ‘ 
RANDOM INITIATION . o* 
if 
LARGE ZIP LARGE °° 
} 
t " 
SMa ° SMa | . 
ae =~w 2 j 
0 00 ¢ 00 
f 2x10 
END INITIATION | } 
10* 
aace zip LARGE ‘ 
} 10° t 
s i \ t 
mau Ze SMALL R) 
aniston 
0 wo © 00 
Figure 1. Theoretical results for extreme cases of the de- 
polymerization theory. 
Zip length values, (1/e—1), are shown on curves. N=1,000, a=0, and L=4, 


for all curves. For curves, zip=0, rate is multiplied by factor of 100 for random | 
initiation and by 50 for end initiation. The conversion is represented by the | 
abscissa for all curves shown. | 


| figure one can compare the monomer yield, the rate off 
| conversion, and the DP behavior for any combing. 
| tion of random- and end-initiation reactions with 
| large or small zip. Regardless of method of initia. 
| tion, large zip goes with a linearly decreasing rate 
| curve, while the molecular weight curves are initially 

horizontal and above the diagonal. With random 

initiation and zero zip the rate and DP curves are 
| those for simple random decomposition, the rate 

showing a maximum and the DP coinciding almost 
exactly with the axes of the ordinates and the ab. 
With end initiation zero zip produces a hori- 
zontal rate curve and a diagonal DP curve. Unless 
transfer occurs, end initiation cannot produce DP 
curves that drop below the diagonal. Introduction 
of transfer would tend to push the curves toward the 
random curves, i. e., those for the case of random 
initiation and zero zip. In this paper it will be seep, 
qualitatively at least, that molecular structures 
favorable for transfer reactions to occur on thermal 
decomposition give low monomer yields [9] and gen- 
erally exhibit maximum-type rate curves. 


| 
| 
| 
| 


scissas. 


2. Discussion of Experimental Results 


Over several vears a large number of polymers 
have been pyrolyzed, and it is now interesting to 
apply the theory as far as possible in interpreting the 
experimental results. The experimental details and 
data referred to are those of Madorsky and cowork- 
ers [10]. Because changes in molecular weight were 
followed in only a few instances, they will not be dis- 
cussed here. The basic data consist of volatilization 
as a function of time and also the composition of 
volatile products. From these data are derived 
curves of rates of volatilization versus percent con- 
version, and also activation energies and monomer 
yields. During the first few percent of reaction there 
is an uncertainty in the experimental data due to the 
time necessary for the sample to reach constant tem- 
perature. For this reason, the initial region of a 
curve should probably be given less weight when 
either the temperature, the rate of decomposition, or 
both are very high. 

The volatilization curves of Madorsky et al were 
used unaltered when the experimental points were 
numerous and closely spaced. From plots of con- 
version to volatiles, ¢, against time, t, Madorsky 
takes Ac/At for adjacent points as the rate de/dt, and 
the average conversion, ('+A('/2, as the conversion. 
This has the advantage of exhibiting and even some- 
what enlarging the scatter of experimental data. 
Where experimental points were less closely spaced, 
the data were plotted in a different manner, designed 
to secure the best empirical smooth curve. The plot 
of C’ versus ¢ was roughly fitted to an arbitrary func- 
tion, (=a-+bt, or C=ae~". For given values of ¢, 
the difference of ordinates, C (experimental) minus C 
(algebraic), was taken numerically to a sufficient 
number of decimal places. This relatively small dif- 
ference C’ was plotted against t, and the derivative 
dC" /dt taken graphically. For a given ¢ the rate 
dC'/dt was taken as dC /dt (algebraic) + dC" /dt, and the 
conversion C' as C (algebraic) +C’. It is evident 
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TABLE 1. Pyrolysis of polymers j 


Polymer Structure Monomer Activation Rate at 
vield energy 350° C 
Acrylates: CH; ut % keal wt %/min Ali 
Methyl methacrylate —CH,;—C— 95 55 to 32 5. 2 to 220 


COOCH, 


H 
Methy! acrylate CH;,—C— 2 37 ~10 
COOCH; 
Styrenes: 
CH; 
a-Methylstyrene —CH;,—C— 95 58 228. 0 Fl 
7 
D 
a-Deuterostyrene —CHy,-C— 70 58 0. 268 
rd ' 
H 
m-Methylstyrene CH;—C— 52 59 . 900 
Fo 
A CH \ 
H 
Stvrene —CH 12 58 . 2a0 
H 
8-Deuterostyrene —CHD—C 42 
AN an 
——_ r 
offer 
and 
It w 
Aliphatie hydrocarbons: occu 
to sx 
+ : 
- of iu 
Isobutvlene CH,—C— 20 52 2. 4 > on 
Fro 
CH drog 
H tran 
in fF 
Propylene CH.—C— 2 61 0. 069 | also 
radi 
CH; head 
: ster 
Ethylene (linear) (polymethylene) -CH,—CH, 0.1 70 . O04 yiel 
wit! 
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/min 


9 220 


268 


y TABLE 1. 


Pyrolysis of polymers 


Continued 


| | 
Polymer Structure Monomer | Activation Rate at | 
yield | energy | 350° C | 
Aliphatic hydrocarbons—Continued wt % keal wl Yimin | 
Ethylene (branched) H CH . 025 70 . 008 
H 
Viny! evclohexane - C H,.—(¢ ms. | 52 . 450 
H 
H, H 
H H, 
H, 
Fluorocarbons: 
Tetrafluoroethylene CF.CF 95 80 210-8 
F 
Trifluorostyrene F.—( 75 67 2 4 
Trifluorochloroethylene CF.CFC!] 28 66 0. 044 
Trifluoroethylene CF,CFH l 53 . 046 
Vinylidene fluoride F.CH 1 
Vinyl fluoride ‘H,CHF I 
Aromatic chains: 
p-Xylylene § | CH CH, 0 (?) 76 . 002 
— + 
Benzy! CH 0 53 . 006 
Pheny! 0 - 
2.1. Monomer Yields CH; CH; CH, 
a ' ; CH. Ciie-C—.,.. ~SeO 
The occurrence of transfer, either inter or intra, A 
offers a chance of forming nonmonomeric material COOCH, Ba CH, 
and should, therefore, reduce the monomer yield. 
It would seem plausible that if one type of transfer iF 
occurred in a given system, the other would also occur 
tosome degree. It is also likely that a small amount ; 
of intermolecular transfer would be more noticeable CR.CF PO 
: nyse: F.CF,, and —CF-C-, 
on the DP changes than on the monomer yield. 
From experience with small molecules, tertiary hy- 
drogen atoms are especially readily removed in a 
transfer reaction. Experience with chain transfer | 
in polymerization suggests that chlorine atoms are | 
also vulnerable. Transfer will be favored by active | which are all devoid of tertiary hydrogen. The im- 


radicals, and less likely with resonance-stabilized or 
sterically hindered radicals. The higher monomer 
yields in the various chemical classes are experienced 
with the structures 


46144158 


| 
i 


portance of location in the tertiary position is shown 
further by the comparison of a-deuterostyrene with 
8-deuterostyrene [12]. Substitution of tertiary H 
by D reduces transfer and raises monomer yield 
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from 42 to 70 percent, whereas substitution of a 
methylenic s-hydrogen has no marked effect. The 
lower monomer yield of polytrifluorochloroethylene 
is considered to be related to the vulnerability of the 
Cl atom to transfer. 

The class of styrenes all show relatively high 
monomer yields. Although transfer is favored by 
the tertiary hydrogens present in most members, it 
is presumably lessened because of the relatively 
stable radicals involved. 

Polymers of the aliphatic hydrocarbon class all 
show relatively low monomer yields even when 
tertiary hydrogen is absent. The activity of the 
alkyl radicals appears to compensate for the lack 
of tertiary hydrogens. As some estimates give a 
reactivity ratio of tertiary/primary of only 10/1, the 
compensation required is not great. Vinyl cyclo- 
hexane has a multitude of secondary hydrogens on 
the cyclohexyl group, as well as the tertiary hvdrogen. 
Nevertheless, the order of monomer vield increased 
with methyl substitution. Substituent groups act in 
at least two ways: (1) by blocking specific positions 
and (2) by activating specific positions and weakening 
the main chain, thus affecting the temperature of 
decomposition and indirectly the rate of transfer. 
In general, with the exception of polytetrafluoro- 
ethylene, higher temperature of decomposition is 
associated with low monomer vield, which is due to 
more transfer. 


2.2. Activation Energies 


The activation energy for initiation /) is the largest; 
but not always the only important, contribution 
to the over-all activation energy. The activation 
energy for propagation is not as low as in polymeriza- 
tion because it will be at least as large as the thermo- 
chemical heat of polymerization, usually 10 to 20 
keal per mole of monomer. For methyl methacrylate 
the over-all energy of activation varies from 32 to 
55 keal, depending on the molecular weight and his- 
tory of the polymer. This is an indication that in- 
itiation sometimes occurs at particular labile groups, 
the nature of which depends upon the polymerization 
catalyst and similar details. However, an important 
effect pointed out on theoretical grounds by Simha 
[13] is that the activation energy will change with 
the DP of the polymer. Equations for the initial 
rates of volatilization and variation in the activation 
energy have been given. The essential point is that 
if the zip length is longer than the polymer DP, 
then activation energy is equal to /,, whereas if the 
zip is less than the polymer DP, the activation 
energy h,/2+h,—,/2. Experimental results 
on polymethyl methacrylate have shown such a 
change in activation energy with DP [14]. In most 
other polymers, studies of the rate versus DP have 
not been carried out. Therefore, the detail signifi- 
cance of the energies reported is not clear. 

Except for the acrylate class the activation energies 
are often not very far below the usual carbon-carbon 
bond strength of 80 kcal, and may reflect initiation 
by a random break of a carbon-carbon bond. The 
highest activation energies are found for tetra- 


Is 





fluoroethylene, 80 keal, and ethylene, 70 keal, nates 
Substitution in the chain lowers the activation n kn¢ 
energy. There is a regular sequence 70, 61, 52 for molec 
ethylene, propylene, and isobutylene, respectively: requil 
but among the styrenes the extra methyl of 9. 


; @ const 
methyvlstyrene seems to have no effect. 


from 
2.3. Rates of Volatilization re 
The method of plotting experimental data has. rates 
varied considerably in the literature. In order to cance 
illustrate the situation, especially with regard tej mech 
random decomposition, figure 7 shows theoreticaj? units 
curves for over-all random decomposition (solid-ling) minu 
curves). They show random theory when plotted) be m 
as rate in percentage of original material (lower, Ex 
curve) and rate in percentage of material remaining! the I 
at the various stages (upper curve). Because ex-| maxi 
perimental data often scatter to some degree, it jg} ture 
evident that when points at low conversion are given low ! 
little weight, straight lines such as the dashed lines} least, 
in the figure, may fit the experimental data very} genet 
well. Ther 
With curves such as the theoretical ones, true; At tl 
initial points are practically impossible to measure,| the ' 
Final points are likewise impossible to measure both| be & 
because of the shape of the curves and because in these 
practice no reaction is 100 percent pure.  Thus,] the g 
curves of the upper type tend to drop, as indicated} at th 
by the dotted curve in upper right of figure, because, TI 
there is invariably a finite residue of carbon or ash, | ene, 
It is evident that the maximum-type plot and the} show 
use of the maximum rate should give the best esti- | mon 
ini mon 

[ | prev 

a ma 
due 
sam) 
are 
(15). 
| also 
| fort 
T 
brar 
the 
for | 
vers 
elim 
goin 
stan 
that 
whe 
mer 
stru 
not 
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lecu 
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dro 
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Figure 7. Comparison of two methods of plotting the rates of 
volatilization. 


, Theoretical curves for random degradation, N=1,000, L=72, and 
k=10-? min-'. Upper-curve rate is percentage of instantaneous residue, lower- 
curve rate is percentage of initial material; , misleading ways of extrapo- 
lating experimental data; , behavior when a finite quantity of ash or 
residue is present 
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| keal,) mates of rate constant and the activation energy. 
Vation 4 knowledge of L, which is the DP of the smallest 
52 for molecule that decomposes in order to volatilize, is 
tively; equired for precise evaluation of the defined rate 
of @ ponstant, &. The value of L is easily estimated 
from product analysis. Fortunately, activation 
energies taken by the use of the initial points of the 

, dashed lines cannot be greatly in error. However, 





‘a has rates obtained in this manner have doubtful signifi- | 


der te cance and obscure the elucidation of the actual 
ird te} mechanism. In this article all rates plotted are in 
retical? units of weight percent of original sample per 
id-line) minute, dC/dt. Thus a significant comparison can 
lotted) be made. 

(lower, Except for the hydrocarbon polymers in figure 4 


nining| the rate curves in figures 2, 3, 5, and 6 show that 





se ex.| maximum-type rate curves appear when the struc- 
it ist ture allows transfer, and this effect coincides with 
given low monomer yield. It is evident, qualitatively at 
| lines} least, that intermolecular transfer affords the most 
very} general mechanistic explanation of the results. 
There are, however, many unexplained features. 
true; At the lower temperatures the distinction between 
isure.| the various curves diminishes. This is believed to 
both} be a result of the larger importance of diffusion at 
ise in} these temperatures. Therefore, in this discussion, 
Thus, | the greatest weight is placed on the curves obtained 

cated! at the highest temperature in each case. 
cause, The rate curves for polyisobutylene, polypropyl- 
‘ash,| ene, polyvinyl cyclohexane, and polyethylene all 
| the} show no maxima, although none give very high 
esti-| monomer vields. All yields are lower than that of 
| monomer from polystyrene. However, it has been 
J } previously shown experimentally that the absence of 
a maximum in the rate of pyrolysis of polyethylene is 
due to the presence of branching [15]. When linear 
' | samples of polymethylene made from diazomethane 
7-4. are pyrolyzed, maximum-type curves are produced 
| | [15]. Commercial linear polyethylene and polyamides 
| | also give rate curves with maxima very similar to that 

| | for random theory [11]. 

: Theoretical treatment of the degradation of 
branched structures on a_ statistical basis and 
| | the use of various ratios for the rate constant 
|| for breaking bonds at and near the branched points 
' } versus those between branched points could not 
+ | eliminate the maximum in the rate curves without 


going to unreasonable values for the ratios of con- 
stants for bond cleavage [16]. The situation is, then, 
that the low monomer yield indicates transfer, 
whereas the rate curves for these hydrocarbon poly- 
mers suggest long zip lengths, and the branch 
structure with a statistical type of treatment does 
not produce other than maximum-type curves. The 
only readily apparent alternative is that intramo- 


== - 
ee 





\ lecular transfer predominates. In polymers of iso- 
— ¥ butene, vinyl cyclohexane, propylene, and branched 
“1 polyethylene the structure must favor an internal 
. of | isomerization such as that used by Kossiakoff and 
' | Rice [17] in order to fit with theory the thermal de- 
and | COMposition results of relatively small aliphatic hy- 
— drocarbons. Tlieir isomerization is essentially the 
sh or same process as the first part of our intramolecular 
transfer. For polyisobutylene it is suggested that 
: 





the following process of radical isomerization, fol- 
lowed by cleavage, i. e., intramolecular transfer, 
occurs to an appreciable extent; 


———————- 
Ch, Ch Cy | 
ree —CH,-C—CH,—C- CH,}—— 
CH, CH, CH, 
CH; CH, CH; 
eaC—CH; -¢—cn,-¢—cn, . 
CH; CH, bu, 
CH, CH, CH, 
neo —CHy + C—CHr—C—C Hy 
CH, CH, CH; 


The formation of the neopentyl radical would occur 
if the isomerized radical cleaves by the alternate 
path available. Neopentane is found in the pyrolysis 
of polyisobutene in an amount of 2 weight percent 
of the polymer decomposed. Intramolecular transfer 
is not limited to only the process depicted, but is 
assumed to occur in such a manner as to produce 
trimer, tetramer, etc., and other products, as well as 
the dimer depicted. An interesting point in this 
mechanism is that usually the depropagating radical 
is assumed to be the one where the odd electron is 
located on the carbon with the substituents. Here 
the primary and more active radical appears to be 
the most likely intermediate. Consideration of 
models suggests that the tertiary radical would have 
little chance of reaction except by disproportionation 
and depropagation. 

In the polyethylene studied, branches must also 
effectively lead to greater kinetic zip lengths by in- 
creasing the probability of intramolecular transfer 
at the expense of intermolecular transfer. The 
polypropylene that was used was, prepared with 
AIBr;-HBr as catalyst and is probably highly branch- 
ed [18]. A study of linear polypropylene would be 
desirable to establish whether branches are respon- 
sible for the nonexistence of a maximum here. 


3. Conclusions 


On qualitative grounds it is evident that the pyro- 
lytic behavior of polymers studied is a result of their 
basic structure and not of trace impurities or struc- 
tures, at least within certain limits. Furthermore, 
the degree of intermolecular transfer is a deciding 
factor, and occurs to a significant extent in a large 
number of polymers. On the other hand, it is ap- 
parent that the ratio of inter- to intramolecular 
transfer is quite sensitive to detailed molecular 
structure. The exact evaluation of inter- versus 
intramolecular transfer will require extensive in- 
vestigation of products, rate and DP versus con- 
version, and the dependence of the latter two quan- 
tities on the initial molecular weight. 
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‘Comparison of Theoretical and Empirical Relations 
Between the Shear Modulus and Torsional Resonance 


. Straus 


(1954), 

Boe, @ Frequencies for Bars of Rectangular Cross Section 
1 relate 

Heffer a Sam Spinner and Rudolph C. Valore,! Jr. 

The relations between the modulus of elasticity in shear and the fundamental torsional 
resonance frequency, Mass, and dimensions for bars of rectangular cross section have been 
evaluated experimentally. The empirical relation was found to be less than the theoretical 
approximation given by Pickett by an amount increasing to about 1 3/4 percent as the 
crosssectional width to depth ratio of the bars approached 10. 

In addition to the fundamental torsional resonance frequency, the first overtone of the 
specimens was also determined. The overtone was found not to be an exact m' Itiple of the 

’ fundamental; it increased more than 5 percent over double the value of the fundamental as 


the width to depth ratio increased to 10 
1. Introduction 


The exact relation between the modulus of elas- 
ticity in shear and the torsional resonance freque ney 
for bars of various cross-sectional shapes is of con- 
siderable practical as well as theoretical importance. 
For certain cross-sectional shapes, including circular 
and square, the relations for the shape factors in- 
volved in determining the shear modulus from the 
angular deformation have been rigorously developed.’ 
Consequently, it is possible to derive an exact ex- 
pression for the shear modulus as a function of the 
torsional resonance frequency for these shapes, as is 
done by Pickett... For a rectangular cross section, 
however, the situation is not so satisfactory. For 
this cross section, Roark gives a simplified equation 
for the shape factor which, he states, involves an 
approximation resulting | in an error not greater than 
$ percent. Pickett’s shear modulus- torsional fre- 
quency equation for this shape, based on Roark’s 
equation, is therefore also approximate, as Pickett 
notes. Cady * also gives an approximate equation 
relating the shear modulus to the torsional frequency 
for rectangular bars. It will be shown later that 
Pickett’s and Cady’s equations, although different 


desirable, then, to develop a relationship between 
the torsional resonance frequency and the shear 
modulus that would be comparable in accuracy with 
the determination of the resonance frequency itself. 
The main purpose of this paper is to establish such 
a relationship empirically and to compare this 
empirical relationship with the approximate theo- 
retical ones given by Pickett and Cady. From here 
on, since only torsional resonance frequenci ies are 
discussed, the term “resonance frequency” always 
refers to the torsional resonance frequency. 


2. Theory 


The general form of the relationship between the 
shear modulus and the resonance frequency is given 
by Pickett as follows: 

G-= Bmf", (1) 
where m is the mass of the specimen in grams, f is 
the resonance frequency in cps, and G is the shear 
modulus in dynes/cm?® (G@ is often given in kilobars 
where 10° dynes/em?=1 kilobar). 8B, in em™', is 
related to the shape in the following manner: 


in appearance, lead to essentially the same numerical Al] 
results. B=— R? (2) 
This lack of a more exact expression for bars of walls 


rectangular cross section is unfortunate. This shape 
of bar can be easily fabricated for most materials 
and, in addition, lends itself to the experimental 
excitation of torsional vibration more easily than 
other simple shapes. Indeed, is sometimes the 
only simple shape for which this can be accomplished. 


where ° 


/—length (em), 

cross-sectional area, 

nthe order of vibration 
n=1, first overtone n 


(for the fundamental 
2, etc.), 


. ; 7,—polar moment of inertia of cross-sectional 
Modern refinements in the sonic method permit oI eal 
r . . o . . . s "Ci 
the determination of resonance frequencies to a high , . , , : 
- . a y K=shape factor for same cross section (see 
degree of accuracy (see section 3.3). It would be o 
footnote 2). 
Present address, Texas Industries, Ine., Dallas, Tex, The egs system used in this paper eliminates g, the acceleration of gravity from 
See, for instance, Raymond J. Roark, Formulas for stress ind strain, p. 166, the denominator of the right-hand side of eq (2), making the v alues for R, and 
2d ed. (MeGraw-Hill Publishing Co., Inc., New York, N. Y., 1943) hence G, independent of this factor. Conversion from kilobars to psi’s may be 


Gerald Pickett, 


Equations for computing elastic constants from flexural and 
torsional resonant frequencies of vibration of prisms and cylinders, 


Am. Soc 


accomplished by means of the equation 
Kilobars X 14.5038 X 105 = psi. 


resting Materials, Proc., 45, 846 (1945 <i . 
‘Walter Guyton Cady, Piezoelectricity, p. 114, Ist ed. (MeGraw-Hill Pub rhe conversion factor assumes & value of g= 980.66 em/sec*. 
, ishing Co., Ine., New York, N. Y., 1946 See pages 10 and 68 of reference in footnote 2. 
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FIGURE 1 Comparison of theoretical and empirical values of B(a/l Corl 


The ratio J,/A, designated as R, is exactly equal | computed. These are plotted as the upper curve @ 
to 1.0 for a circular cross section. For a square cross | each section of figure 1. From this graph, it is pos 


section R=1.185+. The value of R for a square | sible to determine B(a/l) and, consequently, Bas’ > 
cross section is based on Roark’s rigorous solution | function of w/d, thus eliminating the cumbersome ‘T 
for the shape factor and is accurate to the number of | computation of R by eq (3). the 
places given. For a rectangular cross section, the The equation given by Cady for the relation be “™ 
following approximate expression for R is given: tween resonance frequency and G has the form sare 
Ww d Wi r ' tol 
(*)+(2) Ain d 
P= - - (3) ‘  Ww+Y p din 
4( ¢ )—2.52( s) +0.21( =) | a ces ce} em, 
» wD - where p=density in g/cm, A is a shape factor differs to | 
ent from A, and other symbols have the same sig. I 
It should be noted that the approximation given nificance and units as in previous equations. Thet} ma 
by Roark for K for a rectangular cross section does vo ) kne 
not reduce to the exact expression for a square cross Gg Lu : @) sn f2. (4a, *™ 
section. For this reason, the value of R=1.183, A*d'wn? | the 
given by Pickett for a square cross section and ob- , oft 
tained by substituting (w/d)=1 in eq (3), is lower | Let 2 
than the exact value of R=1.185 obtained by using ext 
Roark’s exact expression for the shape factor for a Rae +d) of | 
square cross section. A*Pw 
The calculation of the factor, B, in eq (1), has been 
sunplified by means of the following procedure: and 
If only the fundamental is considered (n—1), 
eq (2) may be rewritten as n=l, ~~ 
fins 
Bo=40. (2a) | ‘en are 
am pt! (WY) 41 celts 
R has been calculated for about 30 values of w/d from ‘l~ At\ad ) F 7 i 
| to 10, using eq (3). Substituting these values of , op 


R in eq (2a), corresponding values of B(a//) have been | where A°=3A,. Values for AK, are given by Timo-| so. 
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shenko and Goodier.” Table 1 
Ria/l) from Pickett’s and Cady’s equations for 
comparison. 


TaBLE 1. Values of B (a/l) from Pickett’s and 


Cady’s equations 


Biall 

wid 

Pickett Cady 
1.0 4.734 4.742 
1.2 4.92 1.90 
1. 5. 55 5. 53 
2.0 7.27 7.28 
2.5 9. 66 9.71 
0 12. 66 12. 67 
4.0 20.17 20.17 
5.0 29.71 29. 78 
10.0 107.8 107.9 


The values of B(a//) are seen to be in good agree- 
ment. Cady states that his equation loses accuracy 
for (w/d)<3.5 However, for w/d=1, Cady’s value 
of B(a/l) =4.742 is identical with the one based on 
Roark’s rigorous expression for the shape factor. 
This value is believed to be more accurate than the 
corresponding one from Pickett in table 1. 


3. Experimental Approach 


3.1. Specimens 


Specimens consisted of 12 steel bars of rectangular 
cross section, all cut from the same stock. All of 
the specimens were ground to the same length (15.202 
em) and, with one exception, to the same width 
3.143 em), while the depths were varied so that the 
ratio of width to depth, w/d, ranged from about 10 
tol. The one exception was the specimen of square 
cross section, which was 3.150 by 3.150 cm. The 
dimensions of all specimens were uniform to 0.001 
em. Width over depth ratios for all specimens are 
to be found in column 2 of table 3. 

Inasmuch as the evaluation of G required that the 
mass as well as the dimensions of the specimens be 
known, the necessary data to calculate the density 
was available. This served as an internal check on 
the homogeneity of the specimens and the consistency 
of the data. The average value of the density of the 
12 specimens was found to be 7.814 g/em*® with an 
extreme variation of +0.003 and standard deviation 
of about 0.002. 


3.2. Procedure 


The fundamental and first overtones of the reso- 
nance frequencies of the specimens were determined 
by a sonic method, taking advantage of certain re- 
finements previously described. These refinements 
are briefly summarized as follows: 


7S. Timoshenko and J. N. Goodier, Theory of elasticity, p. 277, 2d ed 
McGraw-Hill Publishing Co., Inc., New York, N. Y., 1951). 
* Both Roark’s and Cady’s equations appear to be approximations based on 
s power-series expansion given by Timoshenko and Goodier, p. 278, eq (160) 
*Sam Spinner, Elastic moduli of glasses by adynamic method. J. Am. Ceram 
37, 229 (1954 


Sone 


rives the values of | 
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1. Reading the resonance frequency on a frequency 
counter, 

2. Probing with the pickup by hand to establish 
clearly the mode of vibration at resonance. 

3. Supporting the specimens on foam rubber at 
the nodal points and driving them with a tweeter- 
tvpe speaker coupled through the air. This method 
of support and driving provides virtually zero cou- 
pling to the driving system, with specimens of the 
size and mass used here, and results in the truest 
natural resonance frequencies of the specimens. 

An alternate method of driving the seven lighter 
specimens was also used. In this method, the spec- 
imens were suspended from cotton threads, one 
thread being hung from the pickup and the other 
thread was hung from a magnetic record-cutting 
head, which replaced the speaker as the driving unit. 
The torsional frequencies were obtained by tying the 
string at opposite edges of the specimen, as shown in 
the sketch in figure 2. Table 2 lists the fundamental, 
f,.1, and first overtones, f,.2, of the resonance fre- 
quencies of all the specimens. 


TO 


TO PICKUP 


DRIVER 






COTTON 
THREADS 


SPECIMEN 


Method of suspending specimen for torsional 
vibrations. 


FIGURE 2. 


Tas_e 2. Fundamental and first overtones of the resonance 


frequencies of all specimens 


. First overtone, | 
Specimen Fundamental, In=2 (CPS) } [* ai 2 x 100 


Inet (CPs) fn=i 
anil 
| 
Ly | 
l 9797 19585 0. 0927 
2 G5M4 19160 —. O84 
3 8725 17465 +.17 
4 7958 15966 63 
5 7477 15025 . 95 
in 6920 13939 1. 43 
7 6204 12709 1. 92 
8 5589. 1 11333 2.77 
9 4822. 2 9789 3.19 
10 3981.4 S115 3. 84 | 
1! 3069. 3 6268 4.23 
12 2091. 3 4289.1 5. 12 


3.3. Accuracy 


The over-all damping of the entire system, con- 
sisting of specimen, driver, pickup, and coupling 
mechanism, was so small that the accuracy of the 
resonance frequency measurements approached the 
accuracy of the frequency counter. This is 1 cycle 
for the l-sec gate of the counter, and 0.1 cycle, using 
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the 10-sec gate. Generally, the l-see gate was 
sufficient for the specimens of low value of w/d, i 
those having a high resonance frequency, in ret 


the 10-see gate was used for specimens having high 
values of w/d (low resonance frequency). An addi- 
tional small source of error is introduced by the 
‘oupling mechanism. For those specimens vibrated 
by the suspension method, it was found that although 
the resonance frequencies were reproducible up to 


the maximum accuracy of the counter for any 
particular given position of the threads on the 
specimen, nevertheless, the fundamental resonance 


frequencies were found to vary by about 2 cvecles, 
depending on whether the threads were placed near 
or far from the nodes; the highest values resulted 
when the threads were nearest the The 
frequencies obtained by driving through air (given 
in table 2) were usuaily intermediate between the 
highest and lowest values for the suspended speci- 
mens. In general, the bulkier the specimens, the 
less the measured resonance frequencies were af- 
fected by the mode of coupling or the position of the 
supports. The accuracy of the fundamental reso- 
nance frequencies, then, was estimated to range 
from about | part in 2,000 for the flattest specimen 
to about 1 part in 10,000 for the square specimen. 
To evaluate any possible effect of air damping on 
the resonance frequencies of the specimens, some of 
the flatter bars were vibrated, both in air and, 
without changing the position of the fibers, also in 
vacuum, using the suspension method. The reso: 
nance frequencies were found to be about 1 part in 
6,000 higher in vacuum than in air. Because this 
variation is less than the error in measurement for 
the flatter specimens, it was not considered sufficient 
to justify vibrating all the specimens in this manner. 


nodes.!” 


Che entire problem of these small variations in measured resonance frequet 
cies with differences in suspension position requires further study For lighter 
ind smaller specimens than those used in this investigation, the suspension 
method yields even more reliable results than does the method of air coupling 
Also, for the most accurate results, specimens should be vibrated in vacuum 
see next paragraph of text The suspension method is easily adapted to this 


For fiexural vibrations, in contrast with torsional, the highest frequencies are 


3.4. Calculations “al 
Comparison of the experimental re ‘sults will first Th 
be made with the curve based on Pickett’s equation,’ ' ene 
The empirical (lower) curve shown in figure 2 was pee en 
obtained in the following manner: For some par. sams 
ticular value of w/d say (w/d)=1, lating 
’ tion | 
/, mens 
G B in fe some 
nel 4.742 
»” ) ’ leads 
where B’=B(a/l) and the subscripts indicate par.) jp psul 
ticular values for w/d=1. For anv other value of one 
w/d, the specimen will have the same value of G, and Bai 
all the terms on the right-hand side have the sub- yaly 
script 2 thus, 
G BY? m hs 
>» 
Therefore, 
B: m lafhy ; Cad 
SF st toate (-")- (e ad) 
B; Mey /, ay Je subs 
spon 
All the members on the right-hand side are known | a 
and B/B, may be ey valuated. Values of this ratio plot! 
are given in column 3 of table 3. figut 
In order to obtain B(a/l) (e xperimental) directly, fact 
as a function of w/d, is first necessary to select a yalu 
reliable base value of B(a//) for some particular) jp t: 


wd. It has already been shown that the 
B(a/l)=4.742 for w/d=1 believed most? 
accurate. This number then, is selected as the base 
value for w/d=1. Values of B(a/) (experimental 
for higher w/d ratios are then obtained by multiply- 
ing this base value by the B,’/ B,’, ratio for the cor- 
responding value of w/d. These are given in column, 
5 of table 3. 

It should be noted that the choice of a base value 
for B(al) (experimental) is somewhat arbitrary. 


value of 
value of 


obtained when the supports are placed furthest from the nodes In all cases it Should it develop that sone other value of Bla l : 
is believed thai the truest resonance frequencies are obtained when the drivin . . : . 
ind pickup fibers ire nearest the nodes either at uw d l, or ut some other u d ratio, Is more 
+ ABLE 3. Theoretical and ¢ mpire al data for ree lanqular hars of varying w/d ratios 
Data rounded off to final figure Caleulations are on basis of more sienificant ficure 
Ru Pa + 
T 
l Y a : ! 1 
Specimen : 1) 
f Pheoretica \perimenta rk! xp 
7 

1 I l 4.734 1.742 O17 0. 4218 

2 1. 237 1.04 4.073 4. O55 + 36 51065 

3 1 650 1. 2H) u74u 5. Osi is H222 

' 1. O80 1. 516 7. 108 7. 186 +. 17 HS47 

5 2. 108 1.717 &. 162 s 144 23 7160 

f 2.473 2. 00 0. 544 ¥. 505 ") 7489 

7 2. 827 2.424 11. 563 11. 495 1) 7822 

s 3. 208 3.074 14. 681 14. 577 71 S148 

” 3. 957 4. 130 10.815 19. S83 1.18 SOY 

10 1. 03S 6, O60 24, 096 28. THA 1. 26 SAS4 

11 6. 586 10. 198 19. OHS #8. 352 1.48 9177 

12 Y. 90S 21. 959 105. 90 14. 12 1.71 9524 

) 


462 


ll first 
uation, 
2 was 


ie par- 


€ par- 
lue of 
(7, and 
C sub- 


(6 


hown; 
ratio 


rectly 
lect a 
cular 
t the 
most * 
base 
‘ntal 

iply- 
* COr- 
lumn, 


value 
rary. 
a l ; 
more 


accurate, then a readjustment could easily be made 
in column 5. using the more basic data from column 3. 
The data in column 5 was obtained without 
assuming any particular value for @ for the speci- 
mens, but merely that all the specimens had the 
same value of G. An alternative method for caleu- 
lating the data in column 5 may be used if, in addi- 
tion to assuming that the value of G of all the speci- 
mens is the same, a definite value of @ is derived for 
some particular value of w/d. Thus, using B(a//) 
1742 for wd=—l, and substituting in eq (1) and (2), 
‘leads to a value of 822.1 kilobars for G. Then, 
resubstituting this value in the same two equations, 
one obtains the following expression, from which 
Bial) (experimental) for the corresponding w/d 
values mav be calculated, 


a S22.1la 
experimental) —e 
/ Imf? 


b 


Comparison between theoretical and experimental 
curves can now also be made in terms of A?®, used in 
Cady’s equations. «’ is evaluated empirically by 
substituting B(a/) (experimental) and the corre- 
sponding value of wd in eq (5). The resulting 
values of A? are given in column 7 of table 3 and are 
plotted as a function of w/d in the upper curve of 
figure 3. The lower curve in figure 3 is a plot of the 
factor 3A2(—A° “‘theoretical’’) against the selected 
values of wd from Timoshenko and Goodier (given 
in table | 


4. Results and Discussion 


The empirical curves of figures 1 and 3, along with 
their appropriate equations, should yield the same 


values for the shear modulus. Also, since the 
theoretical curves based on Pickett’s and Cady’s 
equations yield similar results, the percentage 


difference between the theoretical and empirical 
curves should be of the same magnitude in both 
These observations are shown to hold in 
figures 1 and 3. It is also noted that in figure 1, at 
high values of w/d, a given change in abscissa is 
associated with a relatively large change in ordinate, 
whereas in figure 3 this occurs at low values of w/d. 
Therefore, for graphs of comparable size, the em- 
pirical curve in figure 1 would yield more precise 
results at low values of w/d, and conversely figure 3 
would yield the more precise results at high w/d 
ratios. 

Column 6 of table 3 gives the percentage by which 
B(a/l) (theoretical) from Pickett is larger than B(a/d) 
(experimental). The values of B(a//) (theoretical) 
are given to the same number of significant figures as 
B(a/l) (experimental) for comparison. Figure 4 
illustrates this variation between the theoretical and 
experimental curves. It is seen that, using the funda- 
mental mode of vibration, Roark’s estimate of an 
error “not greater than 4 percent” is quite justified 
even conservative, the actual deviation being less 
than half Roark’s figure up to w/d=10. Further- 
more, the appearance of the curves in figures 1 and 3 
suggests that at higher values of w/d the deviation 
will not increase significantly above that already 
observed. 

The empirical curves of figures 1 and 2, and the 
data on which they are based, even though obtained 
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eee by using steel specimens, do not lose generality and 
R «a i md y 7 y . od N . 
ew? —opieR are applicable to any elastic solid. Some random 
} ~ @ wv 4 . ? . ee ‘ 
¥ aoe checks comparing the theoretical and empirical curves 
eo 1 of figures | and 3 were made by using glass specimens. 
al 
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oo | 
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FIRST OVERTONE OVER FUNDAMENTAL 








1 2 3 4 5 6 7 8 9 10 
WIDTH TO DEPTH RATIO 
Figure 5. Ratio of first overtone of torsional vibration over 


fundamental overtone as a function of width to depth ratio 


Length 15,202 em. 


Results showed that for the same glass, a more nearly 
consistent value of the shear modulus was obtained 
for different values of w/d when the empirical curves 
were used. 

It is recalled that, in addition to the fundamental, 
the first overtones of the resonance frequencies were 
also determined. Column 4, table 2, gives the per- 
centage variation of the first overtone, /,.. from the 
exact double of the fundamental, /,.., eal figure 5 
shows the same data graphically as a function of wid. 

Giebe and Blechschmidt '' resonated quartz bars 
at the fundamental and higher overtones of the 
torsional resonance frequency. They also found that 
the harmonic law did not hold. Their results for the 
first overtone are in general agreement with those 
obtained here in that the deviation from the exact 
double of the fundamental was usually positive and 
the amount of deviation tended to increase as the 
w/d ratio increased. 

“iE. Giebe and E. Blechschmidt, Uber Drillungsschwingungen von Quarzs 
taben und ihre Benutzung fiir Frequenznormale, Hochfrequentztechnik und 


Electroakustik—Jahrbuch der drahtlosen Telegraphie und Telephonie 56 (3 
65-87 (1940 
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Equations (2) and (4a) show that the overtones of Journ< 


vibration are taken to be whole-number multiples 
the fundamental. Use of the term n? in the denon} 
nator is merely a device for finding the fundamentg? 
frequency on the assumption that the overtones an 
whole-number multiples of the fundamental. Th 
present inv estigation of the overtones is obviously fa 
from complete, inasmuch as it was determined only 
for a single length and for one overtone. However 
there is already sufficient evidence to show that thy 
belief that the overtone is a whole-number multiple 
of the fundamental is unjustified. At a w/d ratio o 
10, the first overtone is more than 5 percent higher 
than the exact double of the fundamental. If this 
were overlooked, it would lead to an error of abou 
the same amount in the calculation of the shear 
modulus. 


5. Summary 


Two empirical curves have been presented 
which can be used to determine the shear modulus 


of bars of rectangular cross section from thei 
resonance frequencies. 
These empirical curves show a small but sig- 


nific ant difference from their corresponding theoret-, 
ical approximations. This difference increases. to! 
about 1% percent for a specimen having a cross- 
sectional width to depth ratio of 10. 

The resonance frequencies of the first overtone 
of vibration of a rectangular bar is found to deviate 
from the harmonic law by more than 5 percent as 
the ratio of width to depth reaches 10. 


The authors are indebted to W. Capps of the 


Bureau for his assistance in performing many of the 
calculations involved in preparing table 3. 
' 


WASHINGTON, October 28, 1957. 
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Specific Volume and Degree of Crystallinity of Semicrys- 
talline Poly(chlorotrifluoroethylene), and Estimated 
Specific Volumes of the Pure Amorphous and Crys- 


talline Phases 


John D. Hoffman and James J. Weeks 


The specific volume of poly(chlorotrifluoroethylene) has been measured from — 40° to 


+ 260° C. 
cedures were studied. 
specimens. 


Both quenched and well-crystallized specimens prepared by reproducible pro- 
Well-defined glass transitions were found close to 52° C in both 
Hence the glass temperature of this polymer is essentially independent of the 


degree of crystallinity. The quasi-equilibrium melting point of the particular type of crystal- 


lized specimen used in the investigation was 216° C. 


The equilibrium melting temperature 


is undoubtedly somewhat higher, and probably lies between 220° and 225° C 
rhe degree of crystallinity of the crystallized and quenched specimens was calculated 
at 7, from specific-volume measurements alone, using a straightforward thermodynamic 


procedure. 


The method avoids a long ‘‘unguided”’ extrapolation of the liquid data to low 


temperatures, and does not involve the inexact approximation that the volume-temperature 
derivative of the glassy and crystalline states are the same. It has the further advantage of 
not requiring a pure crystal density from another source, such as a unit-cell determination 
from X-ray data. It was found that the quenched sample was 39 percent crystalline and the 


well-crystallized one 82 percent. 


crystallinity to be computed as a function of temperature. 


those obtained in earlier investigations. 


A simple extension of the theory permits the degree of 


The results are compared with 


The specific volumes and volume-temperature derivatives of the pure supercooled liquid, 
glassy, and crystalline phases are estimated over a wide range of temperature. Certain quan- 
tities related to the free volume of the glassy state are discussed. 

The methods outlined may be of utility in analyzing specific-volume—temperature data 
on other semicrystalline polymers where the rapid onset of crystallization interferes with a 
direct study of the supercooled liquid and glassy states, and where independent data on the 
properties of the pure crystalline phase are not available. 


1. Introduction 


Poly(chlorotrifluoroethylene) is a comparatively 
high-melting and semicrystalline polymer whose 
degree of crystallinity is strongly dependent on 
thermal history, samples rapidly quenched from the 
melt to room temperature being considerably less 
crystalline than those cooled slowly from the melt. 
Knowledge of the degree of crystallinity of this 
material is of interest in the analysis of its physical 
properties because these frequently depend on the 
extent of crystallization. For example, the mechan- 
ical [1] ! and dielectric [2] properties of highly crystal- 
lized and strongly quenched specimens are decidedly 
different. One of the principal objectives of the 
present research was to determine the degree of 
crystallinity of both strongly quenched and highly 
crystallized specimens prepared by procedures that 
could easily be reproduced in any laboratory. <A 
refined method of analysis based on specific-volume— 
temperature measurements used to obtain the 
degree of crystallinity of the samples. Information 
obtained from this study has been used in the analysis 
of dielectric [2] and rate-of-crystallization [3] data 
on specimens of poly(chlorotrifluoroethylene) from 
the same source as that employed in the present 
research. 

Previous estimates of the degree of crystallinity 
of poly(chlorotrifluoroethylene) as a function of 
temperature for both quenched and_ slow-cooled 


Is 


! Figures in brackets indicate the literature references at the end of this paper. 





samples have been obtained by Hoffman [4], using 
specific-heat data, and by Matsuo [5, 6], using an 
infrared method. Also, Price [7] has determined the 
degree of crystallinity of a crystallized specimen of 
this polymer as a function temperature, using a 
simple but approximate method based on specific- 
volume—temperature measurements. 

Although the results of the various investigators 
mentioned above are in fair agreement, there are 
good reasons for redetermining the degree of crystal- 
linity of this polymer by the proposed method. 
First, the particular crystallization and quenching 
procedures used in the aforementioned investigations 
might well have led to sample variations that would 
account for at least part of the differences in the 
results, and it would undoubtedly be better to com- 
pare the results of various methods by using speci- 
mens prepared in a more definite and reproducible 
manner. Also, it is clear that it would be advanta- 
geous to deal with a more highly crystalline specimen 
than was formerly used in order to determine the 
properties of the completely crystalline material 
more precisely. Further, the proposed method of 
determining the degree of crystallinity is capable 
of yielding more accurate results than those obtained 
by previous methods based on _ specific-volume 
measurements because certain approximations in- 
herent in these methods are removed. Another point 
is that most of the determinations of the degree of 
crystallinity mentioned above were made without 
knowledge of the glass-transition temperature of 
this polymer. The situation concerning the glass 
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transition in this polymer has been recently clarified 
by Mandelkern, Martin, and Quinn [8], who con- 
clusively demonstrated the existence of such an 
effect about 20° C above room temperature. Lack 
of knowledge of the general whereabouts of the glass 
transition will lead to a rather large uncertainty in a 
determination of the degree of erystallinity based on 
specific-volume measurements [7]. Finally, it was 
considered to be of interest to determine whether or 
not specific-volume measurements at room tempera- 
ture could be used to measure the degree of erystal- 
linity of this material for the reason that such a 
method would be both simple and of general utility. 
It was found that this type of determination could 
be successfully carried out. 

As implied above, it is r »cessary to know the glass- 
transition temperature, 
to determine the degree of crystallinity by a method 
based on specific volume measurements. In the 
course of this investigation 7, was measured by a 
method based on a comparison of the specific-vol- 
ume-temperature curves for highly crystallized and 
strongly quenched specimens. The quasi-equilib- 
rium melting temperature of the crystallized sample 
was also measured and compared with 
tained in other investigations. 

Entirely apart from the degree of crystallinity, 
other information concerning poly(chlorotrifluoro- 
ethylene ) is Obtained from the measurements. <A 
direct experimental study of most of the pure super- 
cooled liquid range is prevented by the rapid onset 
of crystallization as the material is cooled from the 
melt; furthermore, samples of ordinary thickness 
cannot be quenched rapidly enough to obtain the 
pure crystal-free glass. The purely crystalline state 
is also not obtained in isolated form owing at least 
partly to the extraordinary slowness of the crystalli- 
zation process when the degree of erystallinity be- 
comes fairly high. However, by a study of the pres- 
ent type on two samples of widely differing degrees 
of erystallinity, it is possible to obtain quantitative 
information concerning the specific volumes and 
volume-temperature derivatives of the pure super- 
cooled liquid, glassy, and crystallines states. A fairly 
precise estimate of the decrease of fractional free 
volume in the pure glassy state as the temperature 
is lowered is obtained. 


values ob- 


2. Experimental Procedure 
2.1. Materials 


The poly(chlorotrifluoroethylene) used in this in- 
vestigation was Kel-F grade 300 payme r, which was 
kindly supplied in sheet form by H. Kaufman of 


the Minnesota Mining & A gel Has Co. The 
sheets were approximately 1.5 to 3.0mm thick. The 


number average molecular weight of the 
was stated to be approximately 415,000. 


polymer 


2.2. Preparation of Crystalline Samples 


A simple crystallization procedure of reasonably 
short duration that yields reproducible results is to 
first melt out all the crystals by heating to 250° C, 


T,, for a polymer in order 





and then to bring the specimen successively to tem- 

peratures of 200° and 190 for 1 day each, and 

finally to 180° © for 3 days. The material is then 

allowed to cool to room temperature over a period: 
of a few hours. The long residence time at high 

temperatures permits the slow second stage [:3] of the 

crystallization to proceed to an appreciable degree, 

The samples were crystallized in an atmosphere of 
nitrogen. Polymer crystallized by this technique is 

referred to in the text as ‘5-day’ material. Speci- 

mens crystallized in this particular manner have a, 
cloudy-white appearance... The specific volume jis '| 
0.4620 emg! at 25° C. Samples from different 

batches of polymer crystallized by using the 5-day 

procedure rarely exhibited spec ific volumes that de- 

viated more than 0.0003 em*g~! from this value at 

25° C. 

A strictly isothermal run of even several 
duration at either 180°, 190°. or 200° C is less effee- 
tive in producing highly crystalline material than 
the above-mentioned procedure lasting 5 days, which 
involves three different temperatures. 


Ww eeks 


2.3. Preparation of Quenched Samples 


Quenched samples were prepared by heating por- 
tions of sheet polymer 1.5 mm thick, which were 
clamped between l-mm gold-plated copper disks, to 
250° C, and then dropping the entire assembly into 
ice water. It was found that the specific volume of 
such specimens was 0.4727 em®g™! at 25° C, the varia- 
tion between samples generally being less than 0.0004 
emg Mandelkern and co-workers found a value 
of 0.4739 emg! at 25° C for a 3-mm sheet of polymer 
quenched by an efficient procedure |8].2.— The specific 
volume of the 3-mm sheet as supplied, which was 
simply removed from the hot mold and quenched in 
air, was generally only about 0.0005 to .0010 emg! 
lower than that produced by quenching in ice water. 
Quenched samples are optically clear 


2.4. Specific-Volume Measurements 


The specific volume of the polymer Was measured | 
at various temperatures between —40° and +260° C, 
using a buoyancy method similar in many respects] 
to that employed by Price [1]. Each polymer speci- 
men used weighed approximately 5 g in air. The 
samples were suspended from a 0.1-mm_ diameter 
Chrome! A wire and weighed in Dow Corning silicone} 
oil contained in a long heavy-wailed aluminum cup, 
which was placed in a vertical position in a 1,000-ml 
Dewar flask. Weighings were made with a magneti- 
cally damped analytical balance. It was found that 
the specimens could be weighed in the immersion 
liquid to £0.5 mg (this includes the effect of tem- 
perature variations). For runs made above room 
temperature, grade DC 710 oil was used. The oil 
was heated by insulated electrical resistance wire 
wound around the aluminum cylinder. A thermo- 


~- 


Optically clear material that is highly erystalline may be obtained by heating 
the polymer to 250° C, rapidly quenching to 0° C, and then carrying out the] 
crystallization for several days at 160° to 190° C. Such polymer contains no | 
spherulites 

Che authors are indebted to L. Mandelkern 
obtained from the original data available to them 


for making this precise value 
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couple attached to the aluminum cup was used as 
the sensing element for the d-c amplifier, that 
controlled the bath temperature. The temperature 
of the sample was determined by using a thermo- 
couple placed within 3 mm of the sample; this ther- 
mocouple was checked against an NBS-caiibrated 
platinum resistance thermometer. It was estimated 
that the mean temperature of the samples was known 
to at least 0.2° C This figure includes the effect of 
temperature variations due to fluctuations in the 
controller, and thermal gradients in the bath (see 
below). Runs below room temperature were made 
by surrounding the 1,000-ml Dewar flask with a dry 
ice-acetone mixture contained in a larger Dewar 
flask. The less viscous grade DC 200 silicone oil was 
generally used for the low-temperature studies. 

The buovaney of the silicone oil was calibrated at 
all temperatures employed in each run by weighing 
a 5.7038-g piece of transparent and bubble-free 
fused silica in the oil. The density of the fused 
silica, as obtained by weighing it in distilled water, 
was found to be 2.204 g em, which is in good agree- 
ment with the best values of 2.202 to 2.204 ¢ em 
given by Sosman [9]. This precaution was taken to 
show that the material was fused silica, and not 
erystalline quartz, and also served as a convenient 
calibration. The specific volume of the samples in 
em'g~' was calculated with the formula 


(WW (air) 


[Wsio, (air) 


W.(bath)| 
W'sio, (bath) |’ 


- W'sio, (air) 

W, (air) X psio,> 
where We, is the mass of the fused silica in the 
indicated medium (air or oil bath), Wy, the mass of 
the polymer sample in the indicated medium, and 
psi, the density of the fused silica. The quantities 
W, (bath) and We, (bath), refer to the mass as 
measured in the bath at the temperature of measure- 
ment. The coefficient of expansion data of Souder 
and Hidnert [10] show that the density of fused 
silica remains within about 4 parts in 10,000 of its 
room-temperature value over the temperature range 
of interest here. Therefore, the value pgio, (air) 
2.204 ¢ em~* was used at all temperatures. The 
results for the specific volume of the polymer were 
occasionally checked between 38° and 95° C_ by 
weighing the samples in distilled water. 

All of the solid specimens were annealed for a 
short time at a temperature of 70° to 90° C prior to 
making a series of measurements in order to relieve 
any strains in them. 

Attention was given to a number of possible 
sources of error. The silicone oil bath was examined 
for the presence of thermal gradients of sufficient 
magnitude to affect the results. By mapping the 
oil bath with a thermocouple, it was demonstrated 
that these were always negligibly small (less than 
-0.2° C) in the vicinity of the sample. It was 
determined by weighing a thin metal strip suspended 
vertically in the bath, and then crimping the strip 
and repeating the operation, that convection currents, 
if present, did not affect the measurements by alter- 


Special attention was also given 


ing the buovaney. 
to the problem of sorption of silicone oil into the 


samples. At temperatures below 200° C, the uptake 
of silicone oil (as measured by weighing the 5-g 
samples in air) was always less than 0.2 mg even 
after prolonged immersion. This is obviously in- 
sufficient to cause appreciable error. Furthermore, it 
was found that by making measurements as soon 
as possible after temperature equilibrium was fully 
attained (7 to 10 min), it was feasible to measure the 
specific volume in the liquid state up to 260° C 
without undue sorption of the oil in the polymer. 
(The polymer is still viscous enough even at this tem- 
perature to remain on the suspension wire for the 
required time.) After a number of runs the liquid 
polymer tended to inbibe about 10 mg of silicone oil, 
but even in such cases, results indistinguishable from 
those on specimens free of silicone were obtained if the 
original weight of the polymer prior to any sorption 
was used in the calculations. It is safe to conclude 
that the results are free of errors due to sorption 
of silicone oil. Two other effeets that warranted 
consideration were the small downward thrust (about 
| mg) on the suspension wire due to surface tension 
at the silicone-oil—air interface, and the buoyant 
effect of the oil on that part of the wire in the bath. 
lt was found that these two effects compensated one 
another over a wide range of temperature if a 12.5-em 
length of the Chrome! suspension wire was allowed 
to remain in the oil. The results obtained by using 
this procedure closely checked those obtained by 
using the usual but more cumbersome methods. 
Care was taken to remove any small deposits of 
silicone oil that might form on the suspension wire. 
Finally, no effects attributable to degradation were 


found. Under the conditions described, i. e., pro- 
longed crystallization in nitrogen followed by 


measurement in silicone oil, the samples never ex- 
hibited any significant loss of weight or discoloration 
on heating, no bubbles were ever observed to form in 
them, and samples repeatedly heated to high tem- 
peratures always gave substantially the same results 
as fresh material. 

The reproducibility of specific-volume measure- 
ments on any particular sample measured in silicone 
oil in the range of 0° to 120° C was + 0.0001 em*g™'. 
The reproducibility was somewhat poorer at the ex- 
tremes of the temperature range covered, but never 
exceeded +0.0004 em*‘g™', except perhaps in_ the 
range between 190° and 216° C, where rapid melting 
took place. A comparison of the results for the same 
sample measured in distilled water, and then in 
silicone oil at the same temperature, usually showed 
agreement to within 0.0003 em®g™'. It is estimated 
from the latter figure, by taking the density of dis- 
tilled water as the appropriate reference standard, 
that the specific volume values quoted for the 
polymer are accurate to at least 1 part in 1,000 


3. Results 


The specific-volume values obtained for the 
quenched and crystallized samples are plotted 
. . ' . . rn 
in figure 1 as a function of temperature. The 
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Kicure 1. Specific volume of poly(chlorotrifluoro- 
ethylene) as a function of temperature. 

@. experimental points for 5-day crystallized specimens 
(X~12); @, experimental points for quenched specimen 
(~12 X); ©, experimental points for pure liquid and supercooled 
liquid (X~%3). Dashed lines represent estimated specific vol- 
umes of pure glassy, crystalline, and highly supercooled phases 
(see text). 


symbol V, is used to denote the specific volume of 
the 5-day crystallized sample, and V, is used to de- 
note the corresponding quantity for the quenched 
sample. A number of the single points shown in 
figure 1 actually represent duplicate determinations 
that could not be plotted distinctly owing to the scale 
used in the diagram. 

Values of V, and V, corresponding to the best line 
drawn through the data when plotted on a large scale 
are given in table 1 in boldfaced type (the numbers 
in ordinary type are derived quantities). This oper- 
ation was carried out with special care in the range 

40° to +115° C for both specimens, because it is 
in this region that volume-temperature derivatives 
must be known with good precision. In this temper- 
ature interval, the standard deviation of the experi- 
mental points from the best line was 0.0001 emég™!. 

The 5-day sample is sufficiently stable to permit 
highly reproducible specific-volume-temperature data 
to be obtained. It was found that the V, value at a 
given temperature anywhere in the range —40° to 

+-205° C did not change in a period of 30 days; the 
specific-volume curve is essentially completely re- 
versible if measured within this time interval. It 
will be shown subsequently that this specimen is 
about 82 percent crystalline. It is probable that it 
is in a quasi-equilibrium state with respect to the 
degree of crystallinity, though it may not be too far 
removed from the true equilibrium state. Thus, the 
apparent cessation of the crystallization process lead- 
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ing to the stability of the 5-day specimen may well’ 
be largely a result of the extreme slowness of the 
crystallization process characteristic of the highly 
crystalline material [3]. od 

The melting point of the 5-day crystallized mate. 
rial is referred to as the quasi-equilibrium melting 
point, T,. This is defined experimentally as the 
temperature where the V, and V;, curves interseg! 
(fig. 1). For specimens crystallized in the manner 
described, T;,=216°C. The equilibrium melting tem. 
perature, T,,, which is the one of thermodynamic sig-+ 
nificance [11], is certainly somewhat higher. Samples’ 
in which unstrained crystals melt at 218.0° C have 
already been prepared, and other lines of evidence 
[3,12] suggest that 7’, lies in the range 220° to 225° C. 
For the time being, we have indicated the nominal 
value 7.,,~220° C in table 1. 


Specific volume of poly-(chlorotrifluoroethylene) as q 
function of temperature 


TABLE 1. 


Crystallized © Quenched Pure liquid, 





Temperature sample (5 sample, Pure cTtys- supercooled 
day), V; Ve tal, 1, liquid, or glass,» 
Vive 
| 
vO 0. 45643 0, 46595 0. 45254 0. 47445 
wv 45805 . 46786 45404 . 47659) 
0 . 45975 16992 45563 47884) 17, 
+20 . 46156 . 47213 45728 48138 
52(T;, . 46466 . 47635 . 46007 $8560 
65 . 46618 . 47824 46125 {S800 
sv . 46803 . 48119 46265 49284 
100 . 47057 . 48526 . 46458 49830) 
115 47256 . 48841 46608 50255 
130 ATM 46761 50693 
1M) . 4780 46972 51297 
1st) . 4847 47300 . 52249 
199 4881 47414 . 52585 
200 41928 47529 -52915\ 7, 
210 . 5027 . 47645 . 53253 
215 . 5270 47704 . 53425 
216( T,,) . 5346 . 47716 . 53459 
220( Tm 47763 . 53598 
225 . 53774 
240) . 54310 j 
0) . 55050) 


* Boldfaced numbers represent smoothed values of specific volume obtained 
from actual experimental data. Numbers in ordinary type are derived quan- 
tities. All specific volumes are in emg 

+The symbol V; is used to denote the specific volume of both the liquid and | 


_ j 
supercooled liquid; V, represents the specific volume of the glassy state i 
«Approximate value } 


The quenched sample is in a metastable state be- 
low about 115° C 
lization begins to take place at a perceptible rate, and 
the specific volume tends toward that found for the 
crystallized specimen. So long as the residence time 
in the temperature range 110° to 120° C is kept short, 
the V, curve shown in figure 1 is reversible (ef [8}). 
It will be shown that the quenched specimen is about | 
39 percent crystalline. 

Specific-volume data for the liquid and super- 
cooled liquid polymer are also plotted in figure 1,| 
the symbol V, being used to denote both of these) 
phases. Values were obtained in the supercooled 
region by cooling the samples from the melt to the 
indicated temperature, and making the measure- 
ments prior to the onset of any appreciable amount 
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At. tion became too rapid to permit reliable data to be | derivatives, as calculated from the original experi- 
highly obtained when the temperature fell below 190° C. | mental points, shows that the standard deviation is 
The specific-volume data for the liquid and super- | a little less than 3 percent in this interval. The 
mate. cooled tye hang ove ~ 190° ‘: 20 experimental | smoothed data in table 1 lead to dV/dT versus T 
melting, points In all, were hitted by using east-squares to an | curves that are for all practical het ae identical 
as the equation of the form Vi=a+BT+yT", using an clec- | to those obtained from the original experimental 
tersec! tronic computer.’ Values of the specific voulme ob- | points. ins . oi By 
nanner tained from this analysis are given at selected tem- It is seen in figure 2 that there is no upswing in 
19 tem. peratures in table 1 in boldfaced type. lhe standard the volume-temperature derivative of the crystal- 
ic sig. deviation in this region proved to be 0.00037 em*g™'. | lized sample indicative of melting out of _ small 
rmples' The method that will be used to calculate the | crystallites until a temperature of about 120° C is 
‘have degree of crystallinity makes use of the volume- | reached. This, together with the fact that the 
idence temperature derivatives of the quenched and crystal- | specific volume of both the quenched and crystal- 
95° line samples as they would exist at or near T,. The lized specimens are invariant with time below ~115 
ming] volume-temperature derivatives,” dV/dT, of the C, justifies the assumption to be used later that 
crystalline, quenched, liquid, and supercooled liquid | the degree of crystallinity of the specinens does 
polymer are plotted as a function of temperature in not change appreciably below 115° C. Fo 
1) ase! figure 2. These data were obtained by using the A glass transition is clearly apparent in the dV /dT 
information listed in table 1. In the region —40° to | data for the quenched sample between 40° and 60° C 
: | (fig. 2). A similar but less obvious transition also 
quid, eee appears in the crystallized specimen, a fact which 
, iw ;? . conclusively shows that it is not completely crystal- 
, | | lized. The glass transition takes place only in 
5.0} 1 the amorphous component of the polymer. Hence 
{ the semicrystalline samples consist of glass plus 
. crystal below 7, and supercooled liquid plus crystal 
: ‘ from 7, up to Th. 
The glass-transition temperature has been deter- 
: sof : mined by plotting the difference between the specific 
| | 4 volume of the crystalline and quenched samples 
| | _as a function of temperature by using the smoothed 
| _ data in table 1 (fig. 3). This method tends to sub- 
‘o | 
a 75 so} | 7 ; 
Vi —™ | 
. - 1 
= | Ose q 
i ie 4 
; | ora 4 
btained 
1 quan- 
iid and o} 
1, 013+ 4 
L Te 52" cTnr 216° | 
stab} | —oyass.: of surenconee 00 4! uouo 7 
and on 50 a ee | 1 
- the| TEMPERATURE, T 
time FiGuRE 2. Volume-temperature derivatives of the 
poly(chlorotrifluoroethiene) specimens as a func- 
1ort, tion of temperature. one 4 
[8]). | @, 5-day crystallized material; @, quenched material; ©, liquid 
bout | ind supercooled liquid material. 
per- ‘ Considerable care must be exercised to prevent crystallization from affecting : 
the precision of the data in the supercooled region. Brief heat treatment at ca O10r 
e 1, | 300° C renders almost all of the heterogeneous nuclei in the polymer inactive, and 
thus lowers the rate of crystallization in the supercooled region. This permitted . ‘ a 











hese | precise data to be obtained down to 190° C in the present case. It was found that i 30 100 
sceurate results could not be obtained at lower temperatures by extrapolating ) ° 
Oled | back to zero time TEMPERATURE, °C 
the} The authors thank J. M. Cameron of the statistical engineering laboratory of Fiaure 3. Determination of the glass-transition 
; SS. ‘ ‘ 


NBS for carrying out this analysis . 
ure- ‘Strictly speaking, dV/dT is the specific-volume-temperature derivative, but temperature, T,, for poly(chlorotrifluoroethyl- 


unt } this cumbersome term is not used in the text : ene). 
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tract out the greater part of the curvature inherent 
in the volume-temperature curves, and 
vields a plot through which two intersecting straight 
lines may be drawn with some confidence. The 
glass-transition temperature determined in this way 


is 52° C. This is in fair agreement with the value 
of 45° C determined by Mandelkern and co-workers 


[8], and a value attributed to Reding [13], and is in 
good agreement with the value of 50° C mentioned 
by Bover {14]. A further discussion of the glass 
transition is given in section 6.5. 


4. Theory 
4.1. Preliminary Considerations 


The basic assumption is made that the volumes 
of the crystalline and amorphous material in a semi- 
crystalline polymer are additive. In the units used 


here, namely, specific volume, this leads to the 
relation 

x.Ve+(1 xs) Vie V,, (1) 
where V,, is the specific volume of the purely 


amorphous (supercooled liquid or glassy) regions, 
TV, is the specific the semicrystalline 
sample, and VV, the specific volume of the entirely 
crystalline material. x, is the mass fraction of the 
sample, that is erystalline, and will! henceforth 
be called the degree of erystallinity” It is seen from 
eq (1) that , 


volume of 


—V, | 
= (2) 
W 


oa 
‘ ‘ 


lg 


This formula is valid at all temperatures. By taking 
the derivative of eq (1) with respect to temperature, 
we obtain the equations 

x. (dV /dT) ~ ( x. (dT, dT) (dV. dT) (33 ) 


and 


x, (dV ./dT) + A—x,)(dV,/dT)= (dV, /dT), (4) 
each of which holds only for any given temperature 
where dx,/dT=0. In the above equations, dV,*/d7 
refers to the volume-temperature derivative of the 
sample as calculated from data above 7,, where the 
amorphous part of the semicrystalline polymer has 
the volume-temperature derivative of a supercooled 
liquid. The symbol dV,~/d7 refers to the volume- 
temperature derivative of the sample as calculated 
from data below 7, where the amorphous part of 
the polymer has the volume-temperature derivative 
characteristic of the glassy state. It is understood 
that all the volume-temperature derivatives in eq (3) 
are to be obtained at the same temperature, and 
a similar statement applies to eq (4). The condition 
dx,/dT=0 certainly holds at and below 7,, and can 
generally be shown to apply at temperatures suffi- 
ciently far above Ee to permit the estimation of 


The volume fraction of crystals is civen by the expression A, 


where po is the density 
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therefore 


| dV; dT. From eq (3) and (4) we obtain the re. 
lations 
(dV ,/dT) —(dV- /dT) | 
(dV,/dT)—(VAT) 9) 
and 
(dV /dT)—(dV, dT) t 
(dV,dT)—(dV dT) o) 


For any temperatures where dy,/d7 
and (6) must lead to identical values of x, 
given sample. 

It is instructive at this point to indicate the 
nature of the difficulties that are encountered ip 
estimating the degree of cry stallinity from specifie- 
volume measurements alone if data on only a singl; 
specimen are used. It is assumed in the following: 
discussion that specific-volume data exist for the 
semicrystalline range from well below 7, up to 7%, 
and for the liquid range near and well above 7%. 
These circumstances correspond to the experimental 
situation that prevails for poly (chlorotrifluoroethyl- 
ene) and certain other polyme rs that tend to trans- 
form rapidly to a semicrystalline state below 7; | 

Equation (2) cannot be used to caleulate x, | 
directly because |. is not known, 
turn to a consideration of eq (5). 


OU, eq (2), (5)3 
for ul 


and we therefore 
Here the quantity 


dV /dT may be regarded as experimentally known 
in the region near 7,. In order to compute the 
degree of crystallinity, it is thus necessary to esti- 
mate dV)/d7T and dV'd7. The assumption is com-? 
monly made that the volume-temperature deriva- 
tive of the semicrystalline sample below 7,, where 
the polymer consists of glass plus crystal, may be 
taken as being representative of the pure ervstal, 
This gives the approximation 

dV /dT~dV JT. (7)j 
However, there is no fundamental reason for sup- 
posing that eq (7) is really exact (it will emerge) 


later that it is in error by about 10 percent even for 
the crystallized sample of poly (chlorotrifluroroethiyl- 
ene)). Further, the data in the liquid region can be] 
analyzed by using a least-squares fit to an equation 
of the 

dV, 


to the range where dV, 


form V,~=a+B87T+yT", and a_ value off 
dT and dV¢/dT have been| 
evaluated. Unfortunately, this procedure will gen-| 
erally lead to a rather uncertain d\",/d7 value unless! 
the specific-volume data for the liquid are extraordi- 
narily In the case of poly clorotiluor 


precise, 
ethylene), where the standard deviation of the} 


Vy, equation in the liquid range is only 0.000837em'g~! ‘| 
the dV,/d7T value at iP as obtained by the extra-| 
polation procedure is 2.2710" em*‘g-'deg™’,| 
with a standard deviation of 0.8010. This 


corresponds to a coe flicient of variation of 35 percent. | 
It is clear from the foregoing that the use of approxi-| 


mation (7), together with the long extrapolation 
necessary to estimate dV,/dT at or near 7,, will 
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tend to produce large errors in x, despite the preci- 
sion Of the input data in the region of direct measure- 
ment. 

The approximate nature of the procedures re- 
quired to ani alyze data on a single specimen also have 
an adverse effect on the accuracy of V, and Vat 
T,. By using a long downward e xtrapolation of the 
liquid data, a rough value of V; can be obtained at 
T,. For poly-(chlorotrifluoroethylene), V, 
out to be 0.4875 em’g™!, with a standard deviation 
of 0.0070, despite the relatively high precision of the 
input data in the region of measurement (the stand- 
ard deviation would have been even greater had the 
~BT been used to represent the liquid 
to- 


equation V; 
data). If this quantity is inserted in eq (2), 
gether with the rough value of x, previously obtained, 
an estimate of V. at 7, can be made. It is clear, 
however, that erystal properties determined in this 
way are nol especially reliable. 

It is seen that the major difficulty with the single- 
specimen method is the inaccuracy of the values of 
VanddV,/dT at 7, obtained by the long “unguided” 
extrapolation of the liquid data from high tempera- 
order to obtain satisfactory results it 
to within about 


tures. In 
would be necessary to know VV’, at 7, 
0.0015 em®g!, and dV,/d7 at the same temperature 
to within about 5 percent. In the present case, this 
would require data in the experimentally accessible 
liquid range (190° to 260° C), which had a standard 
deviation of about 0.00007 em®g '. Data of such 
high precision would not be easily obtained for any 


polymer in the liquid state, especially at high 
temperatures, a , 
In this tvpe of situation, it is considerably more 


satisfactory to employ the method to be described 
in section 4.2, which deals with two samples, one 
highly ervstalline and the other as amorphous as is 
practical. This method completely avoids the use 
of approximation (7), and does not require extra- 
polation over long temperature ranges. The prinei- 
pal input data are obtained where the measurements 
are most precise, and the volume-temperature deriv- 
atives are obtained at a common temperature. Both 
V, and V, can be obtained to within about 0.0015 
em’g!, and the degree of crystallinity to a standard 
deviation of about 0.05. 


4.2. Calculation of the Degree of Crystallinity Near 
T, Using Two specimens 


Consider now the case of two samples, one highly 
crystalline and the other strongly quenched. The 
degree of crystallinity of these samples is denoted 


x, and X,, respectively. Thus we may write 
>. - 7. x i IT dV JIT) 
we Line FL kt)! 
' V,-V IV /dT) —(dV dT) 
and 
Vi—V, WV,/aT)— (UV; aT) 
X = a = — ’ (4) 
V,-V. dT) — (dV /dT) 


turns | 


by analogy with eq (2) and (5). The quantities 
V,, Vz, dVg/dT, and dV}/dT are known and the 
quantities X,, X,, V,, V., and dV,/dT are unknown. 
Equations (8) and (9) contain the important notion 
that, for a given specimen, the degree of crystallinity 
computed diree ‘tly from the specific volumes must be 
identical to that obtained from the volume-tempera- 
ture derivatives when dx/d7’=0. Initially the degree 
of crystallinity will be caleulated from data in the 
vicinity of the glass transition where it is certain 
that the condition dx/d7=0 is fulfilled. 

The first step in the procedure is to construct an 
equation for V, that gives an acceptable fit in the 
liquid region and ¢ -onforms with the demands imposed 
by eq (8) and (9). An important assumption at this 
point is that the correct form of the equation for the 
liquid and supercooled liquid all the way down to 
T, is 


V,=A+ BT+CT?. (10) 
By eliminating the ratio (dV ,/dT)—(aV. dT)\/ 
(V,—V. from eq (8) and (9), one finds 
VAdV: /dT) (dV; /dT)|+ (aV,/dT) (V,—V. o 
V.(dV 3 /dT} —V(dVz/aT). (11) 


Then substituting V.=A | BT+CT? and dV,/dT 
B+2CT into this equation, the relation 


dT) —(dVt/aT)|-+ 
T |(dVz/dT) —(aV3 

C{[(dVz/dT) —(dVz /aT)|T? 

V,(dV3/dT)—V (dV /dT) 


A[ (dV: 

dT)|}+ 

+27(V,—V,) 
(12) 


is obtained. The volume-temperature derivatives in 
eq (12) must, of course, all be obtained at some com- 


mon temperature. It is convenient, though not 
necessary, to choose T=T7,. Observe that all of 
the quantities in eq (12), except A, B, and C, are 


experimentally known from the specifice-volume and 
volume-temperature derivatives as obtained on the 
two semicrystalline specimens in the vicinity of 7;. 
At this point, two equations describing the liquid 
data at two temperatures, 7; and 7), in the region 
of direct measurement are introduced: 


(T)) 


A+BT,4+CT?=J;, (13) 


A+ BT,.4+-CT3}=V;, (14) 
Since V; is known experimentally at 7, and 7), the 
three simultaneous equations (12 to 14) may now 
be solved for A, B, and C. This vields an equation 
for the liquidus down to 7,, which not only fits the 
observed liquid data extremely well, but also gives 
V, and dV,/dT values near 7,, which, because of the 
conditions imposed by eq (8) and (9), are certain to 
vield the same degree of crystallinity for a given 
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sample by both the specific-volume and volume- | 


of | 


temperature derivative methods. The values 
V,and dV,/dT at T, are, through eq (12), controlled 
largely by the experimental volume-temperature 
derivative data on the semicrystalline samples in 
the general vicinity of 7,, and not by a long extra- 
lation of the observed liquid data down to 7,. 

he fundamental nature of the method is most easily 
perceived by noting that eq (12) is altogether equi- 
valent to having another equation of the form of 
(13) and (14) where V, is known at 77. 

of 


The next step involves the calculation the 


| 
| 


volume-temperature derivative of the pure crystal. | 


By eliminating the ratio (dV jd T—dV /dT)/(dV,_ 
dT—dV,/dT) from the equations 


-(dV3/dT) 
(dV./dT) 
(15) 


(dV,/dT) 
(dV,/dT) 


R (dV,/dT) —(dV;, /dT) 
* (dV,/dT) —(dV,/dT) 
and 
(dV, dT)— (dV ;/dT) y (dV, dT )— (dV3T) 
(dV,/dT)—(dVJdT) = (dV,/dT)—(dV.AT) 


(16) 
which are based on eq (5) and (6), and then 
eliminating dV,,/d7, it is found that 
dV {dT 


(dVzdT)(AV (dT)—VZAT)dV GT) 
(dV t/dT)+(dV (aT) —(dV 5 dT) —(dV t/dT 
The term on the right-hand side of the expression 
involves only experimentally known quantities. 


The degree of crystallinity of each sample is then | 


computed by inserting the known values of dV,/dT, 
dV /dT, dVzdT, and dV; dT into eq (8) and (9). 
As a final step, |}. may be calculated from both 


eq (8) and (9) because V,, V,, V,, and x, and | 
x,, are now known. Agreement between the two 


\’. values provides a convenient check of the calcula- 
tions. 


4.3. Calculation of the Degree of Crystallinity as a 
Function of Temperature 


In order to determine the degree of crystallinity 
as a function of temperature, an equation of the form 
of (2) will used. The specific volume of the 
sample, \,, 
atures of interest, and \V, is also determined as a 
function of temperature by the procedure outlined 
in the previous section. Hence, if the temperature 
dependence of \. is known, X, can then be computed 
as a function of temperature. The remainder of 
this section is,devoted to showing how the temper- 
ature variation of Y, is determined. 

A direct way of obtaining V, as a function of 
temperature, which also yields other information 


be 


is experimentally known at all temper- 


of interest, is to calculate \°. values above and below! 
7T,, combine them with that already calculated at 
T,, and solve the three simultaneous equations to 
obtain the constants in the relation 


V.=A’+ B’T+C’'T?. (18) 


V. can be calculated for that region above 7, 
where X, is already evaluated from the relation 


I 


’ V 
esa z 
’ 


Xz = 
— I e 


— 


because both V; and V, are known as a function of 
temperature. (At this stage, X is known only at 


temperatures where dx/dT=0.) V, and V, can 
readily be obtained at temperatures below 7, , 
by simultaneously solving the equations 
V.—V- 
» a (20) 
V.— Ve 
and 
Me va wtf (21) 
V.—V. 


It should be noted that V, is actually determined 
from the data only from the lowest temperature of 
measurement up to the highest temperature where 
one is still certain that the degree of crystallinity is 
not changing with temperature. Thus, to obtain the 
degree of crystallinity as a function of temperature 
up to the melting point, an extrapolation of V,. is 
required. Fortunately, this extrapolation will not 
ordinarily lead to serious errors, since the constants 
B’ and C’ are quite small for a crystal, and can be 
based on data obtained for a temperature range that 
is longer than the implied extrapolation. This extra- 
polation will generally be a much less serious matter 
than the long ‘‘unguided”’ extrapolation of the liq- 


| uidus down to 7’, discussed in section 4.1; for liquids, 


the temperature range where data can be obtained 
will for various reasons generally be considerably 


P| 
(19) 


shorter than the implied extrapolation, and 8 and ¥ | 


will be large owing to the strong dependence of the 
volume on temperature characteristic of liquids. 
The method described to obtain V. as a function of 


temperature applies only if there is no solid-state / 


phase transitition in the crystalline material between 
T, and T,,,. 
' 
5. Application to Poly(chlorotrifluoroethyl- | 
ene) 

5.1. Degree of Crystallinity Near T, ' 

The general procedure described in section 4.2 is 

used here. | 
The method of deriving the volume-temperature 

derivatives at 7, is illustrated in figure 4. The | 


volume-temperature derivatives were first calculated 
at a number of temperatures by using the smoothed 
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Figure 4. Determination of the volume-temperature 


derivatives of the 5-day crystallized (@) and quenched 
(D) specimens at T,, 


data in table 1, plotted as a function of temperature, 
and the desired derivatives obtained at 7’, by a short 
extrapolation. The input data are summarized in 
table 2. It should be noted that the V, and V, values 
at 7, listed in table 2 are those which would be ob- 
tained if the glass transition occurred abruptly at 
52° C, i. e., at the intersection of two curved lines. 


The V, and V, values listed in table 2 are the correct 


~ 


‘ 
r 


ones to use in the analysis, but final results differing | 


only slightly from those to be given would emerge 
if those listed in table 1 were used instead. 

The equation for the liquid and supercooled liquid 
is readily calculated. Inserting the data from table 2 
into eq (12), one finds 
9,651.2C=—0.31212. (22) 


0.700A—74.60B 


Now, selecting two suitably spaced temperatures in 


the liquid region, say 210° and 240° C, and taking | 


the appropriate specific volumes from table 1, we find: 


A+210B-+ 44,1000 = 0.53253 (23) 


A+240B + 57.600C—0.54310. (24) 


Solving these simultaneous equations, it is found that 


TV, =0.47337 +2.199 10-*7'4+-2.943 X107-7T?. (25) 


This equation fits the original liquid data extremely 


well, the standard deviation being only 0.00040 cm‘g™. 
The calculated value of V, at 7, is 0.4856 em'g™". 


TABLE 2. Input data at T,=52° C 


Specific volume of quenched sample, v, | 0.4757 emig-'. 


Specific volume of crystallized sample (5 day), | 0.4646 cm'g-'. 


V.. 
Volume-temperature derivative of quenched | 1.8810~ emg~'deg-'. 
sample from data above 7, d\ . aT. | 


Volume-temperature derivative of quenched | 1.26<X10~ cmg~‘deg-'. 


sample from data below 7',, d\ - aT. 
| 
Volume-temperature derivative of erystal- | 1.1810~ cm'g-deg~. 
lized sample from data above 7’, avy aT. 


Volume-temperature derivative of crystal- | 1.00X10-' emg-deg~'. 


lized sample from data below T,, av, aT. | 


The volume-temperature derivative obtained from 
eq (25) 1s 


dV /dT 


+ 


2.199 107-*+-5.886 «10777, (26) 
from which is found that dV’,/dT=2.505 x 10~* em'g™ 
at 7,=52°C. Equations extremely close to (25) and 
(26) would have been obtained had data for tempera- 
tures different than 210° and 240° C, say 190° and 
260° C, been employed to construct equations analo- 
gous to eq (23) and (24). Values of V, computed by 
using eq (26) are given in table 1 for temperatures 
between 52° and 180° C. 

The next step is to calculate the volume-tempera- 
ture derivative of the pure crystal at 7, using eq 
(17). Inserting the appropriate data from table 
2 into this formula, it is found that dV,./dT= 
0.894 x 10~* em*g~'deg™' at this temperature. Now 
that dV./dT and dV ,/dT are determined, the degree 
of crystallinity of each specimen can be calculated 
by using eq (8) and (9): 

(2.505 


1.880) x 10~*/(2.505 — 0.894) 


X¢ 
107-*=0.388 (27) 
x,—= (2.505 — 1.180) * 10~*/(2.505— 0.894) 
10-*=0.822. (28) 


Using these values of x, and x,, V, at 7, can be 


calculated from both eq (8) and (9). Thus, 

X¢= 0.388 = (0.4856 —0.4757)/(0.4856—V,), (29) 
and 

x, = 0.822 = (0.4856 — 0.4646) /(0.4856—V.) , (30) 


from which it is found that V.=0.46007 cm*g™ at 
T, in each case. A value for dV,/d7T, the volume- 
temperature derivative of the pure glass, can be 
obtained at 7, by the use of eq (15) and (16), to- 
gether with the results already obtained. A sum- 
mary of the results of the calculations at 7’, is given 
in table 3. 
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TABLE 3. Results of calculations at T a 4 


Degree of crystallinity of quenched sampk 0.388 
X« 

Degree of crystallinity of crystallized sample 0.822 
(5 day), Xe 

Volume-temperature derivative of pure 0.8041 
crystalline phase, d\'./dT. 

Volume-temperature derivative pure 1,492X1 mig~'de 
glassy state, d\,/dT 

Volume-temperature derivative of pure 2.505x10~-' em'e~'deg 
supercooled liquid, d\'ydT 

Specific volume of pure supercooled liquid 0.48560 en 
ind glassy state, };=1, 

Specific volume of pure crystalline pl T 0.406007 eF 


5.2. Degree of Crystallinity as a Function of Tem- 


perature 


The procedure outlined in section 4.3 is followed 
here. From the previous section, we already have 
0.46007 emég™' at 52°C. At 115°C, 
we use eq (19) with the value x,=0.822 and VY, 
0.50255, the latter value calculated from eq (25). 
It is found that V.—0.46608 emg”! at 115°C. At 
—40°C, using x,—0.822 and x,=0.388, together with 
the values of V, and V, listed in table 1. it is found 
by simultaneously solving eq (20) and (21) that 


T 0.47445 em, Thus, 


the value V, 


V.= 0.45254 emg”! and V, 
we have three simultaneous equations of the form of 
eq (18) for the pure crystal covering the interval 


40° to 115°C, the latter being the highest 
temperature where it is certain dy/d7T=0: 
A’ —40B’ + 16000’ =0.45254 (31) 
A’ +52 B’ + 2704C" =0.46007 (32) 
A’ +115 B’ + 132250" = 0.46608. «2 ) 
It is found from eq (31 to 33) that 
V.=0.45563 + 0.8079 & 10-*7'+-0.874 107772. (34) 


This result may be checked for consistency by cal- 
culating dV./dT at 52°C. The value is 0.899 « 1074 
emg” 'deg~', which is in good agreement with the 
value 0.894 « 107* em’g~'deg™! obtained from eq (17). 

The degree of crystallinity of the 5-day crystallized 
sample is obtained as a function of temperature by 
inserting values of V; and V. calculated with eq (25) 


and (34), together with the values of VV, listed in 
table 1, into expression (2) or (20). These opera- 
tions are conveniently carried out by using the 
numerical values for V,; and V, listed in table 1. 


Values of the degree of crystallinity calculated for the 
5-day crystallized sample from 52° to 216° C are 
given in table 4 and plotted in figure 5. 

The degree of crystallinity of the quenched speci- 
ment has been calculated from 52 115° C in an 
analogous way, and the results are indicated in 
table 4 and figure 5. 
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Values of 1, may be obtained at various tempera-| 
tures by repeating the operation used to obtained 
the value at 40° C. The data are accurately | 
represented by the equation 


0.47884+- 1.186 *« 107°*7’ 10-"T?. (3: 


+ 2.20> 


~ 


Vy 
Values of V, obtained at various temperatures are 
given in table 1. 


5.3. Errors | 

A rigorous analysis of the errors is prohibitively | 
difficult, but under certain assumptions, a reasonable 
estimate of the standard deviation associated with | 
the essential results can made. As indicated | 
varlier, the standard deviation of each of the four} 
measured volume-temperature coefficients at 7, is | 
to 3 percent. Using an equation involving? 


be 


close 
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[(dV dT) —(aV,*; 
AT {dV V,/dT)— (dV. e dT)\, where the term indV ./dT 
is determined by using eq (17), and assuming that 
the standard deviation of dV,/dT is also 3 percent, 
it is found that the standard deviation is 0.05 for 
hoth x; and x,. This estimate is provisional on 
account of the fact that the error assumed for 
dV dT at T, is somewhat arbitrary, but it is believed 
that the standard deviations quoted for x, and x, 


are fairly close to correct. The view that the 
standard deviation in x is small is considerably 
strengthened by the fact that a straightforward 


calculation based on second derivatives gives x, and 


xX values in close accord with those obtained with 


the first derivative form (see below). Raising the 
assumed error in d\V,/dT to 6 percent, which is 
certainly an upper limit, increases the standard 


deviation of x, and Xq to only 0.07. 
Taking the error in x, and x, to be 0.05, it is found 


that the standard deviation in V, and Ve at a is 
about 0.0015 emg ~'. Approximately the same 
value of the error holds for V, and V.. from 7, down 
to —40° C, and for V,;and V, up to 115° C. Above 
115° C, the deviation in V; begins to fall, eventually 
becoming about 0.00040 emg! at 190° C. The 
standard deviation in V,. increases above 115° C 
and reaches a value of about 0.0025 cm®g™! at 200° C. 
As a consequence, the standard deviation of the 
degree of crystallinity, as calculated from eq (2), 


exceed a value of approximately 0.05 at 
any temperature. The deviation in V, at 7, is 
seen to be much less than the value 0.0070 cm®g™', 
which would have resulted had the usual unguided 
extrapolation of the liquidus from high temperatures 
been employed. 

It might be thought that the present treatment 
could be materially improved by including terms 
of the order of 7° and higher in eq (10). There is no 
basic objection to the use of such higher terms 
However, the present analysis, using three constants 
for describing the specific volume of the liquid and 
supercooled liquid states, actually good enough 
to give roughly correct results even with second 
derivatives. By taking the second derivative of eq 
(3) with respect to temperature, we obtain an equa- 
tion for the degree of crystallinitv of the form 
y= [(?V,/dT?) — (#bV,*+/dT?) | /[ (BV dT?) — (€&V, 
dT*)\|. Then, using the appropriate formulas in the 
text to obtain numerical values of d?V,/dT? and 
@#V/dT?, and taking the slopes of the volume- 
temperature coefficients above 7, in figure 4, it is 
found that the above expression gives x,=0.82 and 
x,=0.49. This is a harsh test of the data, and the 
good agreement of these values with the ones 
obtained by using the first derivatives lends credence 
to the accuracy of the latter. This also shows 
that terms of 7* and higher order in the liquidus 
equation are not necessary to carry out the analysis 
to an acceptable degree of accuracy. Extremely 
precise data in the true liquid range might warrant 
the use of a 7* term in eq (10). All that would be 


does not 


Is 


required to evaluate the constant associated with this 
additional term would be to include another equation 
of the type of (13) and (14) in the analysis. 


6. Discussion 


6.1. Degree of Crystallinity and Specific Volume: 
Comparison With Earlier Results 


The degree of crystallinity calculated for the 
quenched sample, x,=0.39+0.05, which holds for 
temperatures below 115° C, compares favorably 
with the value x,=0.35 obtained by the specific- 
heat method [4]. Owing to the presence of certain 
approximations inherent in the method of analysis 
used in the determination based on specific heats, 
and the approximate nature of that data, it is be- 
lieved that more reliance may be put in the present 
result. It is also of interest to note that the specific 
volume values obtained for the quenched specimen 
are in good agreement with those published by earlier 
investigators [8], the difference generally being only 
about 0.0010 cmég™'. 

There is good reason for the general agreement 
found by various investigators concerning the specific 


volume and degree of crystallinity of quenched 
samples ~1.5 to 3.0 mm thick, the explanation 
being found in the details of the kinetics of 
cristallization [3]. As noted in section 2.3, even 3- 


mm-thick samples removed from a hot mold and 
“quenched” in air have a specific volume, and hence 

degree of crystallinity, not too far removed from 
that characteristic of an efficiently quenched speci- 
men of similar dimensions. 

Based on the results mentioned above, it would 
appear that the degree of crystallinity of quenched 
samples 1.5 mm thick prepared elsewhere, using the 
technique mentioned in section 2.3, should be close 
to the same as was found in the present investiga- 


tion. However, samples differing significantly in 
molecular weight, or containing a greatly different 


number of heterogeneous nuclei, may lead to different 
results. Agreement with the present work should 
only be expected in the cases where the method em- 
ploved to measure the degree of crystallinity is capa- 
ble of sensing the presence of all the crystalline re- 
gions, large and small, and measures the mass frac- 
tion of the polymer that is crystalline. The degree of 
crystallinity of a quenched specimen will increase 
markedly if it is heated much above 115° C for any 
length of time, so that the degree of crystallinity 
becomes a function of both time and temperature 
between ~115° and 216° C.. It is therefore recom- 
mended that comparisons between the results of 
various types of measurement of the degree of 
crystallinity not be made in this temperature interval 
by using quenched samples. 

The degree of crystallinity of the 5-day specimen, 
x, =0.82+0.05, cannot be ‘compared directly with 
the results of earlier work. This follows from the 
fact that this sample was crystallized considerably 
longer, and is certainly more highly crystalline, than 
any used previously. Owing to the reproducibility 
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and stability of the 5-day specimen, it is recom- 
mended that this type of crystalline sample, rather 
than one crystallized at a specified cooling rate 
[4, 5], be used in future investigations aimed at a com- 
parison of methods. 

A comparison of results that should be free of errors 
due to sample variation may be made in the case of 
authors who have determined the degree of crystal- 
linity of two specimens of known specific volume, 
and therefore are able to compute the specific volume 
of the pure amorphous and the pure crystalline 
material. Using degree of crystallinity data on 
several specimens obtained by the infrared methed, 
Matsuo [5] has calculated that the specific volume 
of purely crystalline poly(chlorotrifluoroethylene) at 
25° C would be 0.4575 +0.0015 em*g™!. This is in 
excellent agreement with the value \V.=0.4577 
+0.0015 em*®g™' obtained in the present study.’ 
However, for the pure glassy state at the same 
temperature, we find V,—0.4820 +0.0015 cmg™', 
whereas Matsuo gets the much higher value 0.4901 
+0.0006 cm*g™' for the pure ‘amorphous’? compo- 
nent. The latter value cannot be reconciled with 
the present data. 

Support for the validity of the suggested V, 
value may be found in Matsuo’s specific-volume 
data on thin films when considered together with 
information concerning the kinetics of crystalliza- 
tion. By subjecting a film 0.03 mm thick to strong 
quenching, Matsuo [5] was able to produce polymer 
that had a specific volume of 0.4820 em*g~! at 25° C. 
Now this figure is just that predicted by the present 
treatment for the specific volume of the pure glassy 
state at 25° C, whereas Matsuo’s infrared measure- 
ments indicated that material of this type was 
about 25 percent crystalline. Therefore, evidence 
from another source which indicated that a film 
treated in this way is essentially noncrystalline, 
would support the present results. Assuming that 
such a thin film is quenched through the relatively 
small temperature interval where the crystallization 
is quite rapid in a time interval on the order of a 
tenth of a second or less it is clear from kinetic data 
[3] that the specific volume of the polymer would 
never be able to get appreciably below V), i. e., it 
would suffer very little crystallization. Even if 
one supposed that the degree of crystallinity scale 
as measured from \V, was in error by a factor of 2, 
the degree of crystallinity of the 0.03-mm quenched- 
film studies by Matsuo could hardly exceed 5 percent, 
and it is probably considerably less. It is believed 
that the above argument indicates that the specific- 
volume value predicted here for the pure glassy 
state at 25° C is more nearly correct than the higher 
figure given by Matsuo. 


* The unit cell determined from X-ray studies (see [21 and 22}) yields V-=0.47 
emg-' at 25° C. However, the estimated error in this figure is in the vicinity of 
several percent (private communication from H. 8. Kaufmann) 
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6.2. Practical Method of Determining x Near Room! 
Temperature 

' 

It is worth pointing out that the degree of ery., 

stallinity of poly (chlorotrifluoroethylene) may readily 

be measured from a single specific-volume measure. 

ment taken near room temperature. For example, 

using the data in table 1, it is found that at 20° @| 
that 


x, = (0.4814— V,)/0.0241. (36) 


i 
Measurements of the specific volume are easily 
made to 0.0001 emg! in this temperature region, 
Equations applicable at other temperatures may 
be readily found by using the data in table 1, 


6.3. Properties of the Pure Supercooled Liquid, 
Glassy, and Crystalline Phases 


In the course of calculating the degree of crystal- 
linity of the quenched and crystallized samples, we 
have indicated passim the manner in which the 
specific volume of the purely amorphous and purely 
crystalline phases of this polymer were obtained 
at various temperatures. The results are sum- 
marized in table 1 (figures in ordinary type) and 
plotted as dashed lines in figure 1. 

The line describing the specific volume of the 
liquid and supercooled liquid phases as a function! 
of temperature has a definite positive curvature, 
This is suggested even by the statistical analysis of 
the points actually observed for the liquid and super- y 
cooled region between 260° and 190° C, a straight 
line of the form V,;=a+ 87 not fitting the data 
nearly as well as the curved line Vj;=a+ 87+yT"?, 
and thereby being excluded as a proper fit. The 
more detailed analysis given in the paper, which 
essentially fixes V', at 7,, using volume-temperature 
derivatives measured near 7,, conclusively demon- 
strates that fitting the liquid and supercooled liquid 
data with a straight line would have been consid- 
erably in error. 

The predicted specific volumes of the pure glassy 
state of this polymer are of interest, especially 
when compared with those of the pure crystal. 
Perhaps the most notable point here is that the 
fractional free volume in the glassy state decreases _ 
with lowering temperature. At 7,, the fraction of, 
free volume in the glass, which is calculated as 
(V,—V.l/V,, is 0.053. This quantity falls to 0.046 
at —40° C. There is little doubt concerning this 
result, at least from a qualitative standpoint. The | 
difference between the specific volumes of the} 
quenched and crystallized samples becomes con- | 
siderably less in the same temperature interval to | 


oe 


— 


we 


an extent that greatly exceeds the experimental | 
error (note diminishing value of 1',—V, below 7, ¢ 
in figure 3). This, taken together with the fact 
that x, and x,, whatever their true values, must 
certainly be constant below 7,, then leads to the 
result that the glass must shrink faster than the | 
crystal. ’ 
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The free volume of the glassy state at 7, defined 
in the usual way as ¢,=[\ ,(7=T,)— V,.(7=0°K)] is 
found to be 0.023 em*g™', using eq pad Actually, 
this value is a little too high owing to the fact that 
the volume-temperature derivative of the glass tends 
toward zero at O°K as depicted in figure 6, and it is 
estimated that the true value of ¢, is nearer 0.022 
em’g'. This compares favorably with the value 
0.019 to 0.025 emg”! found to be consistent with the 
viscosity data for many linear polymers. 

The relatively large additional rise of specific 
volume in the pure amorphous phase, which begins 
near 7, (compare V,;and V, 
the inception of the supercooled liquid state. 


curves in figure 1), marks 
Thus, 


the fractional free volume of the glassy state in- 


creases slowly and monotonically up to 7, where a 
large excess fractional free volume begins to make 
its appearance. Factors involved in the relatively 
small but nevertheless real change of fractional free 
volume with temperature in the glassy state will be 
mentioned subsequently. 

The relationship between the volume-temperature 
derivatives of the pure liquid, supercooled liquid, 
glassy, 
temperature is depicted in figure 6, where the quan- 
tities mentioned are plotted on an absolute tempera- 
ture scale. 

The dashed line on the left-hand side of the lower 
curve in figure 6 represents approximately the type 
of behavior one would expect at low temperatures 
for the volume-temperature derivative of the pure 
crystalline phase, dV,/dT. This line was sketched 
in using as a guide a common extension of Griinei- 
sen’s theory relating specific heat and the volume- 
temperature derivative [15, 16, 17], which states that 

dV J/dT » [QoCr/ (Qo—- KE)’ I. (37) 
Here (’, is the specific heat at constant volume, the 
energy of the intermolecular vibrations in the system, 
V the volume at 0° A, Q)a constant usually expressed 
in calories per mole, and AK a constant that depends 
on the details of the intermolecular potential.’ At 
low temperatures (J, is considerably in excess of KE, 
causing the temperature dependence of dV,/dT to 
vary directly as (, Now according to the theories 
of Einstein [18] and Debye [19], the specific heat of a 
crystal is zero at O° K, at first in an increasingly 
steep manner, and then begins to level off at its 
“classical’’ value near a characteristic temperature, 
6. Hence, from eq (37) we must expect the volume- 
temperature derivative of the crystalline phase of the 
polymer behave in a qualitatively similar way. 
It has been assumed in sketching in the dashed line 
in figure 6 that @ is 200° K, a reasonable value for a 
molecular crystal. In contrast to the models with 
3 degrees of freedom treated by Einstein and Debye, 
it is likely in the present case that only the two 


rises 





* The constant Qo is known to be related to the melting temperature [16], and 
it is therefore presumably related to the lattice energy. Qo is generally of the 
order of magnitude of 105 calories/mole for metals, and A of the order two. 
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Figure 6. Estimated volume-temperature derivatives of the pure 
supercooled liquid, glassy, and crystalline states of poly(chloro- 
trifluoroethylene) as a function of temperature (Kelvin scale) 


lines sketched in using eq (37) as a guide; approximate type of 
~~ Iting behavior to be expected for the hypothetical completely crystalline 
phase. 


degrees of freedom transverse to the long molecular 
axis are connected with the expansion of the polymer 
crystal, and that more than one @ temperature is 
involved, but this does not alter the qualitative 
description given. The gradual increase of dV,/dT 
evident in the classical region may be partly due to 
a continued rise of C,, but it seems likely that the 
diminishing value of the term (Qo—K#£)’ arising 
from the increase of with temperature is also im- 
portant. To the extent that the latter term is 
responsible for the moderate increase of dV,/dT in 
this region, the expansion of the polymer crystal is 
attributable to the tendency of thermal agitation 
(as measured by £) to overcome lattice forces (as 
represented in at least an approximate way by 
(Jo).° 

The volume-temperature derivative, dV,/d7, of 
the pure glassy state in the region below 233° K has 
been sketched in figure 6 with essentially the same 
concepts in mind. The value 6=175° K was used. 
Thus the glassy state has been regarded as having an 
“average” intermolecular potential, so that it is 
theoretically permissible to assign @, Yo, and K values 
to it. The construction of the dashed line represent- 
ing dV,/dT at low temperatures in figure 6 is in 
accord with the experimental observation [8] that 
the length-temperature coefficient of quenched poly- 
(chlorotrifluoroethylene) shows a continuous rise at 
low temperatures, which tends to level off at around 
213° K. This suggests a @ temperature of around 
150° to 200° K. 

Considering the points mentioned above concern- 
ing the low-temperature behavior, together with the 
results obtained in a straightforward way from the 
experimental data at higher temperatures (solid lines 
in figure 6), there is no doubt that starting at very 
low temperatures, the volume-temperature deriva- 


1° The authors thank R. K. Kirby for many helpful discussions concerning the 
volume-temperature behavior of solid bodies. 
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tives of the pure crystalline end pure glassy states 
diverge as the temperature increeses. 
ence of the volume-temperature derivatives is, of 
course, related to the previously mentioned increase 
of fractional free volume in the glassy state. 


The question must now be raised as to why dV,/dT 


exceeds dV /dT. 
be due to differences in Q, and T° for the glassy and 
erystelline states. \° is certain to be larger for the 
glassy state then the crystalline one owing to the less 
dense neture of the former; the polymer molecules 
are disordered in the glessystate and therefore occupy 
more spece then they do in the erystel. This feetor 
alone will cause d\,/dT to exceed AN JdT by severel 
percent. Also, it is likely thet (2, is smaller for the 
more open structure of the glessy state, again 
leeding to a volume-temperature derivative for the 
glassy state exceeding that of the crystalline. Differ- 
ences in C,, arising at least in part from the existence 
of different @ temperatures for the two states, must 
also contribute. It is worth pointing out in this 
connection that the precise specific-heat data of 
Bekkedahl and Matheson [20] on natural rubber in 
the completely amorphous (glassy) end partially 
crystalline conditions reveal that Cs for the glessy 
phase everywhere (except at 0° K) exceeds that of 
the crystalline. These data imply that (,(glass) 
€,(erystal). Their plot of (’, versus T bears a 
remerkable resemblance to the volume-temperature 
derivative plots shown in figures 2 and 6." 

In view of the foregoing, it is not surprising thet 
approximation (7) feils when subjected to a rigorous 
test, because there are excellent theoretical reasons 
for believing that dV ,/dT must exceed dV ,/dT, except 
at O° K, where they ere both zero. It is cleer from 
the present study that this epproximetion should be 
avoided whenever attempting a precision calculation 
of the degree of crystallinity, or in estimating the 
properties of pure phases. 

Evidence besed on dielectric data shows that the 
crystalline phese is orientationelly disordered to 
some extent down to low temperatures, and that this 
disorder increases es the temperature is reised [2]. 
However, there no indication from either the 
dielectric or specific-volume measurements that the 
gredually increasing degree of disorder culminetes 
in a first-order phase transition in the crystalline 
state enywhere in the range —40° to +216° C. 
The |", data thus refer to a crystal that possesses 2 
certain degree of imperfection due to molecuiar 
motion. 


Certainly a part of this effect must 


Is 


6.4. Melting Process 


The semicrystalline 5-day sample exhibits melting 
over a wide range of temperature. This is evident in 
figures 1,2, and 5. The broad nature of the melting 


A plot of C, versus T should quite generally be expected to strongly resem ble 
a plot of d\ dT versus T for corresponding states. The rough specific-heat data 
for crystallized poly(chlorotrifiuoroethylene) {4] bear a marked similarity to the 
a\,/dT data shown in figure 2. Unfortunately, the comparison cannot be carried 
further because the specific-heat data are faulty below 7, for the quenched speci- 
men, the glass transition having been overlooked as the result of a calorimeter 
start-up ¢ flect 


The d iverg- 


i 


phenomenon in this polymer may be attributed to 
the presence of small crystallites that melt well below 
the equilibrium melting temperature. The smallest 
of these begin to melt at about 120° C, whereas the 


~” 


largest and most perfect crystallites in the semple, ’ 


which are sufficient in number to appreciably affect 
the volume, melt at the quasi-equilibrium melting 
temperature, 7),=216° C (Somewhat larger erys- 
tellites of insufficient number to be detected me \ 
persist above 7%.) As indicated earlier, the latter 
figure is still below the equilibrium melting temper- 
vture, 7,,. Even then, it is worth noting that the 
5-da ¥ spec ‘imen melts above the value 210° to 212°C 
frequently quoted in the litereture [1, 4, 21, 22}. 
The last half of the sample melts in e temperature 
interval of about 6°C. The fractional free volume in 
the liquid at 7,,~220° C 
(vV.—V.)/V,, is 0.11. 


This is to be compared with 
the value 0.053 at 7,—52 


:. 
6.5. Glass Transition 


The gless trensition in 2 semicrystalline pelymer 
hes been treated in this paper if it occurred 
tbruptly at the intersection of two curved lines, one 
representing the volume-tempereture relation of the 
system glass plus crystal below 7,, and the other the 
system supercooled liquid plus erystal above 7). In 
zeny such enelysis it is necessery to avoid the use of 
data too close to the nominal glass temperature 
owing to the feet that the glass transition, which 
takes plece in the emorphous part of the polymer, is 
not actually ebrupt. Proof of the finite breath of the 
trensition is not lecking in the present case. For 
instance, the s pecific volume of the q uenched sa mple 
undergoes a marked premonitory increase beginning 
10° to 15° C below 7,. The basically somewhat 
diffuse character of this transition in completely 
emorphous bodies wes clearly poin ted out by 
Kauzmann in his review pe per [23] on the nature of 
the glassy state. However, there is no besic thermo- 
dynamic objection to treating this trensition in both 
completely amorphous and semicrystalline media es 
if it took plece ebruptly at a certain temperature 
corresponding to the intersection of two curved lines. 

The method used to obtain aa which consisted of 
plotting (1, —\,) egeinst 7 end noting the point of 
intersection, requires comment. This procedure has 
the advantage of not requiring an explicit knowledge 
of the form of the two curved lines that meke the two 
intersecting volume-temperature curves of 
sample. However, this method would heve to be 
applied with caution if the glass temperature varied 
with the degree of erystellinity. It is possible to 
show for poly(chlorotrifluoroethylene) that 7, does 
not depend markedly on the degree of crystallinity. 
By fitting the data given in table 1 deseribing the 
specific volume above and below Fe for a gi ven semi- 
crystalline specimen to an equation of the form 
V,=a+bT+cT®, and simultaneously solving the two 
equations, it wes shown that the glass temperatures 
of the two semples were within 1.2° C of each other. 


2s 


This shows that the glass-transition temperatures of ; 
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the two semicrystalline specimens are identical 
within experimental error, and justifies the use of the 
lot of (V,- V,) versus 7 that was employed to 
obtain the reported value 7,=—52°C. Data between 
_40° and +25° C, and +65° and 115° C were 
ysed in this analysis, and all curve-fitting was 
accomplished by using least-squares. 

Precisely the same input date lead to 7, values of 
50° and 45° C for the samples if an equation of the 
a+-bT is used with a least-squares fit to 
represent the specific-volume—temperature relations 
above and below 7,. The value 7,=52° C is to be 
preferred owing to the fact that it is based on an 
analysis that admits of the curvature inherent in the 
experimental — specific-volume—temperature — data. 
The apparent difference found for the glass-transition 
temperature of the two specimens using the “straight- 
line” analysis does not mean that 7, actually varies 
with x for this homopolymer, but is simply an 
artificial result arising from the inability of a straight 
line to accurately represent the data even at tempera- 
tures well removed from the glass transition. 


form 


WasHINGTon, November 1, 1957. 
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Heat and Ultraviolet Aging of Poly(vinyl chloride)’ 
Charles F. Bersch, Mary R. Harvey, and Bernard G. Achhammer 


Four poly(vinyl chloride) polymers prepared with different initiators were exposed to 


ultraviolet radiant energy and to heat, in a vacuum and in air. 
evolved were analyzed by mass spectrometry. 
Benzene was among the products evolved in most cases, 


by infrared spectrophotometry. 


and acetone was produced during exposure to heat in air. 
incorporated impurities affected initiation at 


The gaseous products 
Changes in chemical structure were followed 


Catalyst fragments or other 


very mild conditions. Susceptibility to 


degradation increased with increasing oxygen content and unsaturation of the untreated 


polymer. 


and (2) decomposition of the resultant polyene chain. 


Pyrolysis studies indicated a two stage degradation: (1) dehydrochlorination, 


Color formation was attributed to 


both oxidation and conjugated unsaturation because exposure in air following exposure in 
a vacuum, and vice versa, caused bleaching of the degraded polymer. 


1. Introduction 


The degradation of poly(vinyl chloride) has been 
studied extensively [1 to 16]? because of the com- 
mercial importance of this material. The mecha- 
nism of decomposition has not been resolved and the 
initiation step is especially elusive. Druesdow and 
Gibbs [7] suggested peroxides and catalyst residues 
as possible sites for initiation of degradation. Fox 
[4] and his coworkers proposed random splitting out 
of hydrogen chloride, and Arlman [8, 13] suggested 
end initiation plus random oxidation. Baum and 
Wartman [16] reported that the sites for initiation 
are chain ends at about 150° C and tertiary chlorine 
atoms above 190° C. 

Dehydrochlorination is generally accepted as the 
propagation step. An allyl-chloride-type reaction 
is considered as the probable mechanism. However, 
there are other products from and changes occurring 
in the polymer. Mack [15] suggested that, in the 
presence of oxygen, dehydrochlorination and conse- 
quent development 
compete with oxidation of the conjugated system. 
Both chain scission and crosslinking have been 
observed [1, 2, 3, 7], often simultaneously. 

The identification, measurement of the amount 
evolved, and rate of evolution of the products on 
exposure to laboratory weathering or pyrolysis [18 


to 22] are among the most frequently used methods 
for investigating the degradation process. The 


evolution of hydrogen chloride has been studied in a 
vacuum, oxygen, air, nitrogen, hydrogen, and hydro- 
gen chloride. Wilson [11] found another product, a 
condensable gas, which he identified as water. In 
his work on sec-butyl chloride as a prototype of 
poly(vinyl chloride), Kenyon [1] found carbon 
dioxide, methane, hydrogen chloride, and masses at 
95, 97, 110, and 112 among the gaseous products 
analyzed by mass spectrometry. Benzene has been 
identified as a product of pyrolysis [18 to 22]. 

The complexity of the situation has led to many 
apparent contradictions. Some investigators have 
proposed that the loss of hydrogen chloride is auto- 
catalytic [3 to 7], others deny this [13], and still 





This paper was presented before the Division of Polymer Chemistry at the 
130th meeting of the American Chemical Society in Atlantic City, New Jersey, 
Sept. 16-21, 1956. 

? Figures in brackets indicate literature references at the end of this paper 


of conjugated double bonds | 








others have found autocatalysis only in certain 
atmospheres [1, 3, 7, 15]. Color formation and loss 
of hydrogen chloride are usually considered as 
related, but Wilson [11] suggested that the color 
developed on degradation was at least partially due 
to the action of light on oxygen-containing impuri- 
ties. Another source of controversy has_ been 
whether color in the degraded polymer is bleached in 
the presence of oxygen [5 to 10]. 

This paper describes an attempt to clarify some 
aspects of the degradation process in poly(vinyl 
chloride). The effects of several different initiators 
on the stability of poly(vinyl chloride) on exposure 
to heat and to ultraviolet radiant energy were inves- 
tigated. Several exposures were conducted in a 
vacuum to isolate breakdown of the basic polymer 
from oxidative degradation. Analyses of the gaseous 
degradation products and the polymer residue were 
made at various stages in the treatments to follow 
the chemical structural changes. Color changes 
were studied in the hope of correlating them with the 
structural changes or conditions of exposure. 


2. Material and Procedures 
2.1. Material 


Table 1 lists the four poly(vinyl chloride) polymers 
used in this investigation. The polymers catalyzed 
with benzoyl peroxide and 2-azo-bis(isobutyroni- 
trile), respectively, were polymerized from vinyl 
chloride monomer distilled directly from a storage 
cylinder into glass tubes containing the catalysts. 
The tubes containing the monomer, frozen under 
liquid nitrogen, were sealed under vacuum. Poly- 
merization was accomplished by immersion of the 
tubes in a water bath at 40° C for 3 days. For the 
gamma-initiated polymer, the vinyl chloride monomer 
was fractionally distilled under essentially equilib- 


Vinyl chloride bulk-polymerized in a vacuum by 
exposure to gamma (Co-60) radiation. 

Vinyl chloride bulk-polymerized in a vacuum, with 
initiation by 0.10-mole percent benzoyl peroxide. 

Vinyl chloride a in a vacuum, with 
initiation by 0.02-mole percent 2-azo-bis(isobuty- 
ronitrile). 

Geon 101, supplied by the B. F. Goodrich Chemical 
Co. 


y-PVC 
bp-PVC_. 


azo-PVC 


101-PVC 








rium conditions. <A 33-in. column packed with glass 
helices was used. The middle third of the distillate 
was redistilled into glass tubes, which were sealed as 
above, and the tubes were then inserted in a 0.3-curie 
cobalt-60 source. The center of each tube was 1.5 
in. from the center of the source. The time of 
exposure was approximately 270 hr. 

The three laboratory-prepared polymers were in 
the form of solid bars when polymerization was 
completed. These bars were pulverized with a stain- 
less-steel mortar and pestle under liquid nitrogen. 
The fractions of these polymers and of the commercial 
polymer that passed through the U.S. Standard No. 
325 Sieve (nominal opening 44u) were used for these 
experiments. 

The polymers were studied in powder form. 
Poly( vinyl chloride) films were not used because they 
retain the polar solvents necessary to dissolve the 
polymers. This can interfere with both the mecha- 
nism of degradation and the interpretation of analyti- 
cal data. Pressed pellets of the polymer are not 
satisfactory because they provide a very small surface 
to volume ratio in addition to being partially de- 
graded as a result of the heat required in the pelleting 
operation. 

A typical sample used for an experiment weighed 
from 0.15 to 0.30 g. The choice of sample size was 
a compromise between the desire for a monoparticle 
layer in the exposure tube and the necessity for 
sufficient pressure from the gaseous degradation 
products to make mass spectrometric analysis 
practical. 

2.2. Equipment 

The polymer powder samples were exposed, in 
quartz tubes, to various conditions of heat or ultra- 
violet radiant energy or both, in a vacuum and in 
air. The exposure tube, exposure chamber, and 
general procedure have been described previously 
[24]. The only alteration was the use of F-1 
fluorescent sunlamps in place of RS sunlamps for the 
ultraviolet radiant energy exposures. Six F—1 lamps 
were mounted in banks of three in planes 3 in. above 
and below the polymer samples. 


2.3. Exposures and Analytical Procedures 


The major experimental work consisted of exposure 
of the same samples of the four polymers to the fol- 
lowing three conditions, in sequence: (1) Ultraviolet 
radiant energy, in a vacuum, at 45°+2° C for 100 
hr; (2) 100°+2° C, in a vacuum, for 100 hr; and (3) 
100° +2° C, in air, for 100 hr. 
dation products evolved during each stage were 


analyzed by mass spectrometry. Color determina- 
tions were made after each treatment, using the 
Munsell colors of the Intersociety Color Council 


National Bureau of Standards (ISCC-NBS) Method 
of Designating Colors. Samples of the polymer 
powder were removed from duplicate tubes after each 
exposure for infrared analysis. The powder removed 
for infrared analysis was pelleted with potassium 
bromide [23], and a sodium chloride prism was 
used to determine the infrared spectrum in the 
2- to 15-u region. 


The gaseous degra- | 


Several additional experiments and analyses were 
made. 101-PVC was exposed to 100°C, in air, for 
25 hr, in an attempt to induce hydroperoxide forma. 
tion, prior to a sequence of exposures and analyses, 
as described above. 101-PVC and azo-PVC were 
exposed to 100° C, in a vacuum, for 200 hr, with! 
mass spectrometric analyses of the gaseous products 
after 1,3, 5, 10, 20, 30, 50, 100, and 200 hr; 101-PVC 
was used in a similar experiment in which ultra- 


violet radiant energy was used ¥? — of heat. 
101-PVC was exposed to 100° C in a vacuum for 
150, 288, and 400 hr; to Bll Pad noe energy 


at 50° C in air, for 400 hr; 
energy at 45° C, in a 
400 hr. 

Samples of 101-PVC and y-PVC were pyrolyzed 
in a small evacuated tube furnace. The gaseous 
products were passed directly into a mass spectrom- 
eter. The temperature of pyrolysis was raised in 
steps from 87° to 429° C, and the mass spectra 
were recorded at each step. The equipment, method, 
and some of the results of this pyrolysis have been 
described by Bradt [19, 20}. 


3. Results 
3.1. Analysis of Original Polymers 


and to ultraviolet radiant 
vacuum, for 150, 288, and 


Table 2 shows the results of the oxygen-content’ 


two 
can be 


polymers. The 
the results 


determinations on the four 
methods used are similar, and 
compared directly. 


Infrared absorption spectra of the untreated 
polymers are shown in figure 1. The y-PVC 


polymer (dotted line) shows a very weak absorption 
at 6.274, which is attributed to stretching vibra- 
tions of conjugated C=C structures [30, p. 31]. 
The double-bond structure was probably formed as 
a result of some dehvdrochlorination of the polymer 
while exposed to gamma radiation. Mass spectro- 
metric analysis of the above the y-PVC 
polymer immediately after polymerization showed a 
small amount of hydrogen chloride. 101—-PVC 
(solid line) has a weak band at 6.05y assigned to 


guse s 


C=C stretching of a nonconjugated nature [30, 
p. 31]. The presence of double bonds in the un- 


also be due 


treated 101-PVC may loss of hy- 
drogen chloride during polymerization [15, 17}. 


Azo—PVC (dashed and dotted line) shows a weak 
absorption at 9.834, which was not identified, and 
a generally lower transmittance. There also appears 
to be a very weak absorption at about 6.27 uw, as in 


TABLE 2. Oxygen content of poly(vinyl chloride) polymers 


Polymer Oxygen 
lwl-PV¢ “) 40 
y-PVC 21 
bp-PV¢ 6 
120-PVC ». 43 


Research NBs 40, 443 
44-y particles used in 
was 0.18 percent as 


*By the method of Walton, McCulloch, and Smith, J 
1948) RPISS9. Oxygen content reported here refers to - 
this investigation; the oxygen content of the bulk 101-PVC 
measured by the same method 

bBy a modification of the Unterzaucher direct microdetermination of oxygen, 
8. Ishihara unpublished 


482 


TRANSMITTANCE ,%F 


yP' 
asl 
usec 
at 6 
The 
cata 
A 
with 
25] 
poly 
sorp 
of 
hyd 


assl 


3.2. 


T 
poly 
are 
per 
met! 
the 
carl 
att! 
Hy 
TAB 
ex 
Jo 


aA 
Colo 


'S Were 
ir, for 
forma. 
alvses 
} were 


Y, With! 


oducts 
PVC 
ultra. 
heat 
im for 
nergy 
adiant 
s, and 


olvzed 
iseous 
‘trom- 
sed in 
pectra 
‘thod, 
» been 


ntent’ 
' two 
in be 


eated 
-PVC 
ption 
“ibra- 

31]. 
ed as 
vmer 
ctro- 
PVC 
ved a 
PVC 
“l to 

(30, 
* ul- 
 hy- 

17], 
weak 
and 
ears 
as in 


jmers 


LO, 443 
sed in 
ent as 


\ygen, 


WAVE NUMBERS, cm”' 

















5000 4000 3000 2500 2000 1500 400 1300 1200 1100 1000 950 900 850 800 750 700 650 
100 T | T ae wes gee a 
| 
80 va a Oo, 4 
/ - ai 
° ¥ \ oe \ ‘A 
> f 4 + ri 
2 60b- if \ " i 
z 
< v \ { | 
: f | \ wer, 
oe id \ / ‘is, | se 
3 40 | \ /_\ | 
q | \ } | \ F) | ~.\ // 
4 | \ 
= | I h v7 \ 4 
20} ' } /\ Nw J \\ j 
| i | f I "f 
’ J 4 ww 
a J 4 
- rr = ae a 7 8 3 O T 12 i3 14 15 
WAVELENGTH, pt 
Figure 1. IJnfrared’spectra of the poly(vinyl chloride) polymers studied, 
101-PVC; y-PVC; bp-PVC: — — icienntsinies SGM th 
y-PVC. In addition to absorptions at 5.57 and 5.64 | appeared at each stage of the degradation. The 


assigned to carbonyl vibrations in the catalyst 
used [30, p. 111], bp-PVC (dashed line) has a band 
at 6.22 uw attributed to C=C stretching vibrations. 
The band at 10.08u is probably due to unreacted 
catalyst [30, p. 106). 

An absorption around 12y in the region associated 
with hydroperoxide absorption by Shreve et al. 
[25] was present in about equal amounts in all the 
polymers. No changes were observed in this ab- 
sorption either as a result of degradative treatment 
of the polymer or during the attempt to induce 
hydroperoxide formation. Krimm and Liang [31] 
assign this band to chain stretching in the polymer. 
3.2. Mass Spectrometric Analysis of Degraded 

Polymers 


The gaseous degradation products evolved by the 
polymers on exposure to ultraviolet radiant energy 
are shown in table 3. The y-PVC gave 50 to 80 
percent less gaseous products thau the other poly- 
mers, and showed less discoloration as a result of 
the exposure. The benzene and large amount of 
carbon dioxide from the bp-PVC polymer were 
attributed to breakdown of the catalyst used. 
Hydrogen was a product of 101-PVC only, and 


TaBLE 3. Gaseous products evolved by poly(vinyl chloride) 
exposed to ultraviolet radiant energy in a vacuum at 45° C 
for 100 hr 


Amount evolved per gram of sample 
Product 


11-PVC bp-PVC y-PVC 


\Vficromoles \icromoles Micromoles 


Hydrogen chloride 4.3 1.6 0.9 
Water 1.0 1.2 1.2 
Carbon dioxide 1.0 13.5 1.1 
Carbon monoxide and 

or nitrogen 1.1 0.0 0.9 
Benzene 0.0 6 .0 
Hydrogen 6 0 0 
Final color *. 10.0 YR &/4 5.0 YR 5/5 7.5 YR 9/2 

(pale orange (light brown) (pale yellowish 
yellow) pink) 


colors developed after the exposure to ultraviolet 
radiant energy are shown for purposes of comparison. 
The intensity of the color for any sample correlates 
with the total amount of products reported for that 
sample, but not with the amount of hydrogen 
chloride reported for that sample. 

The 101—PVC, exposed at 100° C in air for 25 hr 
prior to exposure to ultraviolet radiant energy, 
gave results essentially the same as obtained with 
101—PVC without pretreatment. The pretreatment 
apparently did not induce formation of hydro- 
peroxides in the polymer. 

The same samples that were exposed to ultra- 
violet radiant energy as described above were turther 
exposed to heat in a vacuum. The results obtained 
with bp-PVC, shown in table 4, are typical of those 
from the other polymers with two exceptions. The 
products from y-PVC were too small to measure 
in the mass spectrometer, and the benzene evolved 
by bp-PVC was about three times as much as was 
evolved by the other polymers. 

The mass spectrometer does not measure hydrogen 
chloride accurately because of adsorption on the 
walls of the expansion chamber [26]. The presence 
of water vapor and carbon dioxide in the mass 
spectrometer background and as products of poly- 
(vinyl chloride) degradation further complicate 
analysis. Since efforts to evaluate these een 
were unsuccessful, the values reported for hydrogen 
chloride, water, and carbon dioxide must be con- 

Gaseous products evolved by bp-PVC polymer 
exposed to 100° C in a vacuum for 100 hr 
100-hr exposure to ultraviolet in a vacuum at 45° C 


TABLE 4. 


Prior treatment 


Amount evolved per gram 
of sample- 
Product 


| A B 
Micromoles Micromoles 
| Hydrogen chloride 28. 1 17.4 
| Water. 1.9 9.1 
Carbon dioxide _. 0.9 1.1 
Benzene 3 0.2 | 


Col According to the Munsell System and the ISCC-N BS Method of Designating 
olors 
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Figure 2. Infrared spectra of 101-PVC subjected to degradation. 
Untreated; 100-hr exposure to ultraviolet in a vacuum at 45° C.; 100-hr exposure to ultraviolet in a vacuum at 45° C, 
plus 100-hr exposure at 100° C, in a vacuum, plus 100-hr exposure at 100° C in air 

sidered as approximations. Comparison of the The products evolved by 101—PVC after 3 hr of 


results of experiments A and B im table 4 gives an 


indication of the poor reproducibility obtained 
when measuring hydrogen chloride and water 
simultaneously in the mass spectrometer. The 


example given is an extreme case for duplicate 
measurements. 

The polymer samples previously exposed to ultra- 
violet radiant energy and to beat in a vacuum 
were finally exposed to heat in air. The water and 
carbon dioxide frozen from the air by liquid nitrogen 
when the air was being pumped from the tubes 
prior to mass spectrometric analysis masked these 
gases as possible degradation products. No hy- 
drogen chloride was detected. About 0.1 micromole 
of benzene per gram of sample was found in the 
products of y-PVC and bp-PVC, but not in the 
products of 101-PVC. Hydrogen was again a prod- 
uct of 101-PVC. From 2 to 23 micromoles of ace- 
tone per gram of sample were found in the products 
of all the polyiners except y-PVC, where the results 
were inconclusive because one sample showed no 
acetone and the other was accidentally contami- 
nated with acetone. 


TABLE 5. Gaseous products evolved by 101-PVC polymer in 
3-hr exposures to ultraviolet radiant energy and to 100° C 


im a vacuum 


Amount evolved per gram 


of sample in 3 hr of ex 
Product posure to 
Ultraviolet Heat 


Micromoles Micromoles 


Hydrogen 0. 36 0.20 
Water. 2. 38 1D 
Carbon monoxide and/or nitrogen 0. 53 0. 27 
Oxygen 00 02 
Carbon dioxide 36 51 
| CrEive..- wo ll 
C:Hu 00 41 
Benzene Trace 02 
Toluene Trace .10 
Styrene. 0.00 04 
Alkyl benzene. 00 02 
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exposure to ultraviolet radiant energy are shown in 
table 5. Traces of hydroge n chloride were re ported 
| after 50 and 100 hr of e xposure, and hydrogen chlo- 
| ride was the major product after 200 hr of exposure, 
The results after 
listed in table 5. The amount of hydrogen chloride 
evolved after 200 hr at 100° C was about 13 times as 
much as was reported for a 200-hr exposure to ultra- 
violet radiant energy. 

Azo-PVC was also exposed to 100° C in a vacuum 
for 200 hr. Except for considerable amounts of un- 
identified nitriles [27] found in the first 30 hr, the 
amounts and types of products were similar to those 
found with the other polymers. 


Uninterrupted exposures of 101-—PVC to 100° C 
in a vacuum and to ultraviolet radiant energy at 
45° C in a vacuum for 150, 288, and 400 hr resulted 
in hydrogen chloride, water, hydrogen, carbon 


monoxide, and carbon dioxide, plus small amounts 
of unidentified hydrocarbons. Benzene and toluene 
were found after exposure to heat but not after ex- 
posure to ultraviolet radiant energy. 


3.3. Infrared Analysis of Degraded Polymers 


The infrared absorption spectra obtained after 
carrying out the progressive exposure series on 
101-PVC are shown in figure 2. Exposure to heat 
in a vacuum after exposure to ultraviolet produced 
no substantial change in the spectrum. The changes 
around u reflect compensation difficulties in the 
OH region due to water absorption in some potas- 
sium bromide pellets. Exposure to heat in air re- 
moved the weak band at 6.05 uw attributed to double 
bonds, and produced a broad carbonyl absorption 
band around 5.85 u. 
about the same order as, or larger 
curring in the other polymers under 
ditions. 

Figure 3 shows the 5- to 7-u region of the spectra 
of bp-PVC. The original polymer shows absorp- 
tions at 5.57 and 5.64 yu -attributed to residual benzoyl 
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FigurE3. Infrared spectra of bp-P VC subjected to degradation. 


100-hr exposure to ultraviolet in 
, vacuum at 45° C; 100-hr exposure to ultraviolet in a vacuum at 
45° C, plus 100-hr exposure at 100° C in a vacuum; 100-hr 
exposure to ultraviolet in a vacuum at 45° C, plus 100-hr exposure at 100 Cina 
vacuum, plus 100-hr exposure at 100° C in air. 


Untreated; 


99 


peroxide catalyst, and at 6. 
jugated double bonds. After exposure to ultraviolet 
radiant energy, the absorptions at 5.77 and 5.64 yu 
decreased considerably, whereas the absorption at 
6.22 uw increased slightly. After subsequent ex- 
posure to heat in a vacuum, the absorptions at 5.57, 
5.64, and 6.22 yw disappeared, and a carbonyl band 
appeared at 5.85 uw. Exposure to heat in air caused 
arise in transmittance and a stronger and broader 
carbonyl absorption. 


uw attributed to con- | 





PVC (solid line) and 101-PVC exposed to ultraviolet 
radiant energy in air at 50° C for 400 hr (dashed line). 
A wide absorption band extending from 2.7 to 4 u 
with shoulders at about 2.85, 3.03, 3.50, and 3.77 u 
is present in the spectrum of the degraded material. 
The absorption occurring between 3.7 and 4 uy is in- 
dicative of the OH stretching vibration of strongly 
hydrogen-bonded OH groups [30, p. 142]. The ab- 
sorption around 2.7 to 2.85 u has been assigned to the 
OH valence stretching of the unbonded hydroxyl 
group [30, p. 85], and the absorption in the 2.85- to 
3.15-u range may be caused by the OH vibration of 
intermolecular and intramolecular hydrogen bonds. 
The broad, intense carbonyl absorption in the 5.8- 
to 5.9-u region is probably caused by the C=O stretch 
in a variety of structures such as aldehydes, ketones, 
acids, etc. The shoulder at 6.05 « may indicate the 
presence of unconjugated double bonds. 

Figure 5 shows the spectra of 101-PVC after ex- 
posure to 100° C in a vacuum for 150 and 400 hr. 
After 150 hr (dotted line), the absorption at 6.05 y, 
attributed to unconjugated unsaturation, changed 
very little. Slight absorptions in the 6.25- and 6.65-z 
regions indicate some formation of conjugated double 
bonds or possibly some aromatics. The absorption 
at 5.8 uw is attributed to carbonyl formation. The 
oxygen must have come from the polymer because 
mass spectrometry gave no evidence of leakage in 
the exposure tube. Except for an increase in the 
carbonyl absorption, there was little change after 
400 hr of exposure. 


3.4. Color Changes 


Table 6 shows the color developed by each polymer 
at each stage in the set of experiments described in 
section 3.2. The higher the number before the slash 
mark, the lighter the color; the higher the number 
after the slash mark, the more intense the hue. 

A comparison of the data in the second and third 
columns shows that oxygen causes bleaching of the 
color developed in polymers degraded in a vacuum. 








Figure 4 contains the spectra of untreated 101- |! The y-PVC developed the least discoloration. Bp- 
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FIGURE 4. 
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Infrared spectra of 101-P VC before and after exposure to 400 hr of ultraviolet in air at 50° C. 


treated. 
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about equal, and between mass 400 and mass 600 
the spectrum resembled a sine wave with maxima 
at all the even mass numbers. 

The y-PVC sample was smaller than the 101-PVC 
sample, and this is reflected in the lower values for 
'y.PVC at each step. 


—— 


4. Discussion and Conclusions 


The stability of poly(vinyl chloride) is a function 
of: (1) the structure of the polymer, including 
structural deviations and chemically or physically 
incorporated impurities; (2) the processing and 
storage history of the polymer; and (3) the conditions 
of exposure, including the ambient atmosphere and 
the wavelength and intensity of the incident energy. 
Recognition of these factors, combined with the 
results obtained in this investigation, lead to possible 
explanations that may account for some of the 
observations recorded here and in the literature. 

4.1. Initiation 

Initiation of degradation probably occurs at several 
different sites, the particular polymer and the condi- 
tions of exposure being determining factors. The 
susceptibility to degradation of the polymers studied 
increased both with the oxygen contents of the 
polymers and with the initial unsaturation. The 
effects of the two were not separated, but both are 
probably factors of some importance in initiation. 

Several investigators [7, 8, 13] have proposed that 
oxygen contained in a polymer is a factor in degrada- 
tion, but the actual mechanism by which that 
oxidation, presumably occurring during polymeriza- 
tion, contributes to the decomposition of the polymer 
has not been isolated. Although the oxygen con- 
tents of the polymers studied here may in part be 
due to peroxidic structures, none were found; neither 
were any other oxygenated structures except in the 
case of bp-PVC where an excess of an oxygen- 
containing catalyst was apparent both in the infrared 
spectra and in the gaseous degradation products. 

The presence of unsaturation in undegraded 
poly(vinyl chloride) has been established by others 
‘8, 9, 16). Baum and Wartman [16] have shown 
that it occurs at chain ends, probably as a result of 
disproportionation, and is a major factor in initiation 
of degradation at 150° C 

The presence of cataly st fragments has also been 
proposed as providing sites for initiation of degrada- 
tion [7]. The importance of impurities incorporated 
chemically or physically was illustrated here by the 
gaseous products that resulted from the decomposi- 
tion of catalysts, soap, ete. when 101-PVC and 
az0-PVC were exposed to heat in a vacuum for 
short periods of time and when bp-PVC was ex- 
posed to ultraviolet radiant energy in a vacuum, 
even over extended periods of time. In the latter 
case the decomposition of the catalyst could be fol- 
lowed in the infrared absorption spectra as well as 
by analysis of the gaseous degradation products. 
Since the exposure conditions were little more strin- 
gent than actual service conditions, and since 
y-PVC, which did not contain any catalyst residue, 


— 





-PVC 


volved 
-PV( 
spec, 
unt o 
‘( ; al 
vmer 
lounts 
ion of 
20° C 
S° @ 
irabl 
‘acene 
Above 
ved 
iss 9] 
ict oO 
ed by 
rving 
ducts 
nit 0 
neter 
were 


; 


ible 


osi- 


Y- 


461441—58 5 





was much more stable than the other polymers, it is 
possible that incorporated impurities are a major 
factor in instability under normal service conditions, 

Initiation of degradation of y-PVC was probably 
due to oxygenated or unsaturated structures in the 
polymer. If this is so, it might be said that the 
earlier and greater instability of the other polymers 
was solely due to the greater amount of oxygenation 
and unsaturation in these polymers. Both were 
probably of considerable importance, but the very 
early occurrence of the decomposition products 
from incorporated impurities and the fact that the 
incorporated impurity was largely responsible for 
the high oxvgen content in bp-PVC seem to indicate 
that impurities play a large role in mild conditions of 
exposure. The failure of other investigators to find 
any effect from incorporated impurities may be at- 
tributed to the transitory nature of the reaction 
and to the possibility that at the more stringent 
conditions usual in degradation studies, other factors 
such as unsaturation assume greater importance. 
Thus, at relatively low temperatures some labile 
groups may become active, and as the temperature 
is raised other labile groups, possibly more pre- 
dominant but relatively dormant at the lower tem- 
perature, may become so active as to obscure the 
effects of the less prevalent structures. A some- 
what parallel situation occurred when Baum and 
Wartman found unsaturation of primary importance 
at 150° C and tertiary chlorine assuming a larger 
role when degradation was carried out at 190° C or 
higher. 

The type and conditions of exposure, especially 
the wavelength and intensity of the incident energy, 
have specific degradative effects dependent on the 
chemical structure of the polymer. For example, 
bp-PVC is more susceptible to ultraviolet radiant 
energy, and the 101-PVC and azo-PVC polymers 
are more susceptible to heat. 


4.2. Propagation 

After initiation the degradation of poly(vinyl 
chloride) proceeds in a complex mariner. The most 
obvious feature is dehydrochlorination, which Arlman 
[13] has shown to be a free-radical reaction. Pyroly- 
sis indicates that two stages actually occur in the 
degradation of poly(vinyl chloride), exclusive of 
oxidation reactions. Dehydrochlorination leaves a 
polvene backbone that further decomposes into a 
mixture of aliphatic, aromatic, and alkyl-aromatic 
materials. The first such product observed was 
benzene, possibly formed by cyclization of unsatu- 
rated chain ends [21]. The early appearance of 
benzene as a product of degradation under mild 
conditions seems to confirm the mechanism of 
cyclization and also is another indication of end 
initiation and a zipper-type reaction. The failure 
to produce more than a small amount of benzene is 
attributed to decreased mobility of the chains as 
unsaturation proceeds and _ crosslinking occurs. 
Ultimately, under pyrolytic conditions, sufficient 
energy is available for random C—C rupture. This 
accounts for the multitude of other carbon com- 
pounds produced in pyrolysis. 
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In degradation under service conditions oxygen 
may affect both stages of the degradation of poly- 
(vinyl chloride). Oxidation of both saturated and 
unsaturated portions of the polymer chain may lead 
to chain scission and to an increased concentration 
of free radicals, which may accelerate dehydro- 
chlorination. This has been observed frequently 
(1, 3, 5, 7). The presence of ultraviolet radiant 
energy accelerates oxidation reactions. 

The production of acetone is probably due to a 
mechanism similar to that found by George and 
Walsh [28, 29]. This would result in chain scission. 
Whether the necessary oxygen to form the acetone 
came from the ambient atmosphere or from the oxvgen 
contained in the polymers was not determined. The 
polymers with higher oxygen contents produced more 
acetone but acetone only appeared after e xposure in air. 

The mechanism by which dehydrochlorination 
occurs has generally been accepted to be ofan allylic 
nature |2, 4, 5, 7, 9], that is, a chlorine atom in the 
beta position to a double bond requires less energy 
for removal. However, many of the proposed 
mechanisms were not presented as free-radical chain 
reactions, though the occurrence of a free-radical 
reaction has been established |12, 13]. The mech- 
anism proposed by Stromberg et al [21] combines 
allvlic excitation with a free-radical reaction and can 
be made to fit any or all of the proposed mechanisms 
of initiation. It also allows for the effects of oxida- 
tion in that oxvgenated radicals as well as a chlorine 
radical freed by allylic excitation may initiate a 
chain reaction. One minor modification suggested 
is that removal of a hydrogen atom to start a chain 
reaction need not necessarily occur adjacent to a 
double bond. 

Crosslinking is possible whenever two chains 
with free radicals are in proximity. A moderately 
frequent occurrence of this nature is conceivable. 
Scission probably occurs principally as a result of 
oxidative degradation except in pyrolysis, where 
there is usually sufficient energy available to rupture 
(‘—C' bonds. 


4.3. Color 


The degradation of poly(vinyl chloride) is ac- 
companied by a discoloration that has been at- 
tributed to the polvene system. It was observed by 
some investigators that exposure of degraded poly- 
(vinyl chloride) to oxygen led to bleaching of the 
color, whereas others failed to find this occurring. 
In view of the results obtained in this study, it seems 
that two sources of chromophores are possible, from 
conjugated unsaturation and from oxygenated struc- 
tures. If a polymer is degraded in a vacuum and 
exposed to air, the color due to unsaturation may be 
bleached. A carbonyl absorption in the polymer 
occurs simultaneously. In the case of degradation 


on exposure to ultraviolet radiant energy with 
oxygen present, color formation seems to be due 
either to oxygenation only or to both types of 


chromophores. Absorptions due to carbonyls and 
conjugated unsaturation may be found. Further 
exposure to oxygen does not lead to bleaching. On 
the other hand, if a polymer containing both chromo- 


phores is subjected to heat in a 
will also occur as well as a change in hue. A shif 
in the carbonyl absorption occurs at this stage 
Probably the oxygenated chromophore is removes 
slowly, and if the exposure were carried far enougt 
the color would again increase in intensity. Ultra! 
violet radiant energy is probably necessary 4 
produce oxygenated chromophores. , 





The authors are indebted to the Mass Spectrome. 
try Section for the mass spectrometric analyses, tg 
the Organic Chemistry Section and to Shigen 
Ishihara for the oxygen-content determinations, and 
to Shigeru Ishihara for assistance in some of the 
experimental investigations. 
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Determination of Water Vapor from the Change in Elec- 
trical Resistance of a Hydroscopic Film 


Elmer R. Weaver, Ernest E. Hughes, and Albert W. Diniak* 


The electrical conductivity of a thin film of such a material as phosphoric acid changes 
over a wide range with changes in the concentration of water in the atmosphere with which 


it is in contact. 


By adjusting the pressures of a sample of gas of known composition and 


one of unknown composition, they can be made to have the same concentration of water 


(more accurately the same fugacity 
detecting film. 


shown by the production of equal resistances of the 
Modifications of the apparatus, procedures, and calculations described in 


an earlier publication are presented and numerous applications of the method are discussed, 


The method has the merits of simplicity, speed, and great sensitivity. 


are needed, and few substances interfere 
1. Introduction 


1.1. Purpose of Paper 


This paper is a revision and extension of an earlier 
one [1] ' now out of print. Several improvements 
have been made in methods of building and using 
the apparatus for measuring water and have been 
described in various publications and reports [2, 3]. 
It is the purpose of this paper to give in one place 
the information that is needed for the effective use 
of the method; but the earlier paper contains ma- 
terial on some equipment and applications not in- 
cluded here, and should be consulted when special 
problems are encountered. 


1.2. General Method 


The measurement of water vapor in gases by ob- 
serving the resistance of thin films of electrolyte has 
been employed occasionally at the National Bureau 
of Standards for a variety of purposes for nearly 40 
years. The essentials of the method are extremely 
simple. <A thin film of liquid, which may be such a 
material as phosphoric or sulfuric acid or a solution 
containing one or more acids, bases, or salts with a 
binding material such as gelatin or a high-polymer 
plastic, is spread over the surface of a solid insulator 
between metallic electrodes. The electrolyte tends 
to reach equilibrium with the water vapor in the 
atmosphere that surrounds it, and to form a solu- 
tion the electrical resistance of which is a measure 
of the water vapor in the atmosphere. We need, in 
addition, some instrument for measuring or com- 
paring electrical resistances and a means of calibrat- 
ing the film by comparison with a gas of known 
moisture content. Polarization makes advisable 
the use of alternating current for the measurement. 

The method was devised initially |4] to detect very 
small concentrations of water vapor in gases enter- 
ing a catalytic reaction in which water is a poison. 
The material first tried for the conducting film was 
a salt, calcium chloride; but it was soon found that 
the salt became a nonconducting solid at a humidity 
far higher than that to be detected, and numerous 
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Only small samples 


other electrolytes were tried. Among them phos- 
phoric and sulfuric acids were found most useful 
because they served to detect the smallest concen- 
trations of water vapor. However, films of these 
materials changed resistance so rapidly that it 
seemed hardly worthwhile to calibrate them by 
comparison with known atmospheres, laboriously 
prepared. 

The method therefore fell into disuse except for 
qualitative work until F. W. Dunmore [5, 6] em- 
ployed it successfully for much higher humidities in 
connection with meteorological observations. He 
used a salt, lithium chloride, as the electrolyte in a 
plastic film of very high resistivity, but one which 
held its calibration well. The Dunmore elements or 
modifications of them are used extensively in both 
meteorology and industry, and numerous independ- 
ently developed resistance units of somewhat similar 
types have appeared [7]. The need during the war 
for a method of determining rapidly very small 
quantities of water vapor in aviator’s oxygen led to 
the development of a means of calibrating a sensitive 
film at the time of its use so quickly and simply that 
little need remained for a permanent calibration. 
This at once greatly extended the possible applica- 
tions of the method. 


1.3. Principle Involved in Calibration by 
Adjustment of Pressure 


the 


As a rough approximation, deviations from which 
will be discussed later, the resistance of a given film 
is independent of the gases other then water vapor 
with which it is in contact and depends only on the 
amount of water contained in unit volume. If a 
sample of gas, such as oxgyen or air, of known water 
content per unit volume, is passed over the film it 
will assume a certain resistance. If a second sample 
of ges of unknown water content is then passed over 
the film, the resistance will usually be different, but 
it may be restored to its original value by compressing 
or expanding the second sample until it contains the 
same quantity of water per unit volume (more 
exactly until the water vapor has the same fugacity) 
as the first sample. When this condition is reached, 
we note the pressure and readily compute what the 
water content would be in a unit volume at any other 
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pressure (usually, but not always, 1 atm). If the 
unknown gas is initially at atmospheric pressure, it 
may be more convenient to change the pressure of 
the standard gas until the same resistance is produced 
by both. 

As a simple illustration of the first procedure, let 
us say that the first sample of gas used as a standard 
is known to contain 2 mg of water per liter, and that 
the second sample causes the detecting film to have 
the same resistance as the first (and that it therefore 
also contains 2 mg of water per liter) when at a pres- 
sure of 100 atm. If the second sample of gas is now 
expanded to 1 atm, it has about 100 times the volume 
but the same total quentity of water as before expan- 
sion, and the water content is, therefore, 0.02 mg/liter. 
The second procedure may be illustrated by the 
following example. <A cylinder of air known to 
contain 8 wg (0.008 mg) of water per liter when 
expanded to atmospheric pressure was used as the 
standard gas. The resistance produced by exposing 
the film to a sample of Freon at atmospheric pressure 
wes metched by adjusting the eir to 18 psig (pounds 
per square inch gage) or a total pressure of 2.2 atm. 
Then the Freon at atmospheric pressure contained 
2.2 times es much water as did the air at atmos- 
pheric pressure, or 18 yg/liter. 

Frequently it is convenient, in order to make the 
best use of available gages, to set one gas to an 
arbitrary pressure of no interest in itself and to 
match it by adjusting the pressure of the other 
For brevity, the process of adjusting the pressure ‘ef 
one or both gases to produce the same electrical 
resistance of the detector will be called comparing 
the gases. In general four pressures are involved in 
& comparison : 

P,, the pressure at which the standard ges contains 
a known concentration of water vepor, S. 

P.., the comparison pressure at which the standard 
ges is matched with the electrical resistance produced 
by the unknown ges et pressure 7’, 

P,, defined by the preceding statement. 

P,,, the pressure et which we wish to know the 
concentration of water in the unknown gas. 

The water content, (, of the standard gas at the 
comparison pressure 1s 
A 


C=S° (1) 

Since it is known that the unknown gus has this 
same water content at the matching pressure 7’,, the 
water content, W,, at pressure P,, of the unknown 
gas is derived from (, just as C was derived from S: 


P._ SPP. 
P.~ PP, 


W,=( (2) 

Having determined the value of W, we can obvi- 
ously use thé newly analyzed gas es the standard to 
determine W:,, the water content of still another 
unknown gas et /., after matching it electrically at 
pressure P,, against the new standard at /P,,, thus: 


| 


| 
| 


W Wom PoP ei 
Pe en (3 
2. 

There is obviously no limit to the number of step 
of this kind that can be taken, but because some errg 
is involved in exch comperison, the results soon log. 
significance. 

A gas that contains an approximately known cop. 
centration of water, to be used as the first or thy 
only standard, can be obtained easily by saturating 
compressed air (or other compressed gas that may be 
available) with water vapor at any convenient pres 
sure. S then represents the concentration of wate 
vapor in equilibrium with liquid water at the tem. 
perature of the measurement, and 7’, is the pressur 
in the saturator. S and W mey be expressed in any 
units, not necessarily in micrograms per liter, pounds 
per thousend cubic feet, or other units of mess per The e' 
unit of volume; they may also be expressed as partial of resi 
pressures, relative humidities, or percent by volume, yl] be 
Since only ratios of pressures are involved in the testing 
computation of W and S, eny unit of pressure may 
be used, provided it is kept clearly in mind that total 
pressures are involved, not gage pressures (ebove 
atmospheric). 
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In the application of the method that has been gusto 
most extensively made— determining the moisture 
content of compressed geses—it is convenient to use 
as the standard gas air, oxygen, or nitrogen saturated f 
vt about 35-atm pressure and expanded to 1 atm 
The water content of the unknown gas is to be 
determined at 1 atm. Hence, if pressures are ex- 
pressed in atmospheres, 7, and /’,, of eq 2 ere both 
unity, and the equation becomes 

, S 
We PP? (4) 
in which S is the concentration of water vepor in Fr® 
equilibrium with liquid water. 

In the method of use described, the pressure gages 
are the measuring instruments. We are usually not at regule 
all concerned with the actual value of the electrical) £as lt 
resistance of the sensitive film, and the electrical in- 2s she 
struments are used only to show that two resistances, use b 
corresponding to meesured pressures, are the seme; Cylind 
but in some cases, especially when following chang- OXyge 
ing concentrations of weter vapor, it is impracticable, 1 & s 
to make a separate celibration through the edjust- 2tter 
ment of pressure for every variation of humidity, valve 
and readings of the electrical instruments are re-) the d 
corded and interpreted, usually by interpolation “reu 
between values determined by pressure readings. '§ 00) 
The electrical circuit is then truly used as a meas- Sage 
uring instrument and not merely as a null-point; with | 
indicator. ) and J 

In the foregoing description of principles, it was} the e 
necessary to qualify many of the statements with) B are 
the words about, approximate, ete. The corrections) to be 
to be made to produce more accurate results and the throu 
sources of error will be discussed after the construe- galva 
tion of the instrument and its operation have been vg 

as P, 


described. 
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2. Description of Apparatus Employed 
2.1. General Arrangement and Procedure 


The generel method that has been outlined above 
may be employed with apparatus of great variety. 
For certain purposes the equipment may be designed 
for pressures either above or below atmospheric, 
and many of the perts may be made of glass, metal, 
or plastic in numerous arrangements. Several of 
these are described in reference [1] and will be 
omitted from this paper. 

The essential electrodes, the separating insulation 
on which the conducting film is spread, and their 
support will be called collectively the detector; and 
the smell tight enclosure in which the detecting 
surfece is exposed to the gases is celled the cell. 
The electricel equipment used for showing equality 
of resistance of the film under different conditions 
will be celled the indicator. A simple arrangement for 
testing compressed gases is shown in figure 1. The 
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regulator on the nitrogen cylinder is set to deliver 
gas to the seturator at a pressure of about 500 psi, 
ws shown by gage 1. Nitrogen is suggested for this 
use because it will not corrode an ordinary steel 
cylinder if used as 2@ saturator. Otherwise air or 
oxygen is just as good. The saturated gas is admitted 
in a slow stream to the cell through valve A and, 
after passing over the detector, is discharged through 
valve B, which is generally left wide open. When 
the detector hes reached equilibrium, the indicating 
circuit is adjusted so that the galvanometer needle 
ison scale and the reading is noted. The reading of 
gage | plus 1 atm is 7, of eq 2, and that of gage 2 
with the same correction is P,. In this case both P, 
and P,, are 1 atm, and eq 4 is substituted for eq 2 in 
the calculation of the water content. Valves A and 
B are then closed, and valve D is opened. The gas 
to be tested is admitted at a moderate rate of flow 
through valve C, and valve D is closed until the 
galvanometer balances at the point previously noted. 
The reading of gage 2 plus 1 atm is entered in eq 4 
as P., and the equation is complete. 


In the arrangement illustrated, slight leakage of 
gas through valves A or C, which it is hard to avoid 
with complete certainty, does not affect the result, 
because in each case the leaking gas is discharged 
without reaching the detector. If only one cylinder 
of gas is to be tested, it may first be attached to the 
saturator to provide the standard gas and then 
connected as the gas to be tested. If a high-pressure 
regulator is not available and gage 1 has a sufficient 
range, the full pressure of the cylinder may be 
applied to the saturator, but this ultimately results 
in the waste of compressed gas and a certain amount 
of inconvenience or a reduced accuracy in the 
reading of pressures. 

At present, the arrangement diagrammed in 
figure 2 is used for more accurete work in the labora- 
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Ficure 2. Diagram of mechanical connections for very accurate 
testing of compressed gases. 


tory. The two-stage saturator reduces the degree 


of uncertainty that saturation is complete at the 


indicated temperature, especially if the bottles are 
immersed in a thermostated oil bath. The bank of 
pressure gages covering the five ranges shown in the 
figure permits pressures to be read with accuracy 
in any part of the range. 

The arrangement of a portable model of the 
instrument is shown in figure 3. The valves are 
lettered as in figure 1. A spare valve, E, connecting 
to the system at the same point as valve C, is not 
needed for the testing of ges for compliance with 
Army-Navy specifications, but is very convenient 
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FIGURE 3. Front and side elevation of portable instrument. 
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in other work either for the attachment of a pressure 
gage more sensitive than “gage 2” or for introducing 
a “secondary standard” gas that is drier than can be 
obtained from the saturator with gas at any avail- 
able pressure. 

Four of the valves were mounted in a single valve 
block for simplicity of support. Further details are 
shown in cross section in figure 4. The block is 
made of heavy metal to conduct heat as readily as § 
possible to the points of expansion of the gas through 
the principal valves. The cell is connected to the 
valve block only through considerable lengths of 
small metal tubing to minimize the effects of ex- 
pansion on the temperature of the detector. Valve 
B is placed directly on the cell to minimize the pres- detect 
sure drop from detector to outlet when the standard i failure 
gas is to be used at 1 atm without measurement or FINCH PIPE The 
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corrections. It is quick-opening, and its passages centel 
are large for the same reason. specia 
Several instruments of this design were made in Amph 
1943 and supplied to stations of the Armed Forces. with 
One of these was used to test 56,000 cylinders with- throu 
out repair except the replacement of the detector; and TYPE OF Fit TING oie termi 
at least one is still in occasional use. Tests for CONNECTIONS _ , insert 
compliance with the specified limit of 20 ug of water QETECTOR , 24 th 
per liter in aviators oxygen were routinely made head 
with one instrument at the rate of 100 per hr. A SuveR detect 
precision of about +0.2 yg/liter, roughtly 2 parts — Aft 
per 10 million by volume is obtainable at the specified ~~ SS | to exp 
limit if care is taken, and only 100 or 200 ml of gas * ous: Cy . ; IN] | polish 
need be expended per test. — — ! inch — > to the 
Details of construction of the various parts will Ficure 4. Section of valve block and cell block of portable | With | 
now be discussed. "instrument, about 
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2.2. Detector 
a. Detector Currently Used 


In figure 5 is shown the detector preferred by the 
authors because of its compactness and ease of 
handling when recoating or transferring from a 
place of use to a cell for calibration, and also be- 
cause it can withstand repeated pressures up to 
6.000 psi without developing cracks in the glass 
insulation. Unless otherwise specified, it may be 
considered to be the detector referred to throughout 
the remainder of this paper. A central electrode is 
made by filling a piece of small thin-walled platinum 
tubing with ‘‘French sealing-in glass’ and gold- 
soldering a platinum wire to one end. The outside 
diameter of the tube should not exceed 1 mm, and its 
wall thickness is preferably kept below one-tenth of 
the diameter. The outer electrode is a platinum tube 
about 3 mm in outside diameter with a similarly 
low ratio of wall thickness to diameter. Platinum 
iswet readily by the molten glass used, and clear beads 
of it should be allowed to flow into the tubes by capil- 
larity rather than forced into place. Otherwise a 
film of air may be trapped between glass and metal. 
Nickel is preferred for the detector body because it 
has a sufficiently high melting point and can be gold- 
soldered to platinum more readily than can stainless 
steel. 

Heating must be controlled rather carefully to a 
temperature between that at which the glass flows 
freely and that at which it begins to decompose with 
the formation of bubbles. Cooling should be done 
slowly in a glass-blower’s lehr. If the glass cracks or 
separates from the metal during construction or use 
it is very difficult to repair because air is likely to 
be trapped during resealing. 

The materials and precautions described are 
needed to make a detector that will withstand high 
and rapidly changing compressive stresses. Glass 
and metal do not have exactly the same modulus 
under compression and separate quickly if a flaw 
develops. If pressures during use do not exceed 
a few hundred pounds per square inch, a durable 
detector is rather easily made; but rapid changes 
from 100 to 400 atm (the highest pressure at which 
detectors have been regularly used) cause early 
failure unless the detectors are extremely well made. 

The platinum wire from the inner end of the 
center electrode leads through the nickel shaft to a 
specially designed terminal for connection to an 
Amphenol cable. The wire is shielded from contact 
with the shaft by a small plastic tube, is threaded 
through a Teflon disk that fits into a recess in the 
terminal head, and soldered to a small brass 
insert in the Teflon. A loosely fitting *%-in. sleevenut, 
24 threads per in., placed on the shaft before the 
head is screwed into place serves to attach the 
detector to the cell. 

After assembling, the end of the detector is ground 
to expose the electrodes in a surface that need not be 
polished but should be without irregularities visible 
to the unaided eve. The dull finish left by grinding 
with abrasive grains 20 uw in diameter seems to be 
about right. 
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2.3. Electrical Indicator 


Two indicating circuits are shown in figures 6 and 7. 
They differ in two respects. In the first, and less ex- 
pensive circuit, the primary bridge is composed of the 
detector and three resistances each of 1 meg; and 
the output of the twin triode is used in a second 
bridge of which the slidewire 2, constitutes two arms. 
In the more elaborate circuit, two of the l-meg re- 
sistors of the primary bridge have been replaced by 
400-mh inductances with apparent but slight im- 
provements in performance. The slidewire 2, of 
figure 6 has been replaced by a fixed resistance and 
a resistance box. The two modifications of the cir- 
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cuit are entirely independent of each other, and any 
combination of the different elements can be used. 
Two or three circuits in which batteries were replaced 
by 60-cycle alternating-current power have also been 
used, but they lack the portability of the battery- 
operated indicator and have otherwise been some- 
what less satisfactory. For continuous operation at 
one place, the batteries could without doubt be re- 
placed by suitable direct-current power supplies de- 
rived from the alternating power line. 

In both the circuits illustrated, the twin-electrode 
vacuum tube supplies pulsating direct current to two 
branches of a circuit. The “galvanometer’’ (usually 
a microammeter) connects these two branches and, 
with the resistors in each branch, operates like the 
galvanometer and two branches of an ordinary 
Wheatstone bridge. 

In the use of the indicating circuit of figure 6, the 
contact on resistance 72, is simply adjusted until the 
galvanometer reading is brought to a convenient 
point of the scale, which need not be zero, and this 
reading is noted and reproduced in subsequent “com- 
parisons.”’ In this use of the indicator, the electrical 
instruments are simply used to show a common null 
point, and the actual measurements are made with 
the pressure gages. 

The second circuit permits the electrical resistance 
of the detector to be measured with moderate accu- 
racy and is emploved when for any reason the elec- 
trical equipment, rather than a combination of pres- 
sure gages, is to be used as the measuring instrument. 
It was used in studies of the equilibrium resistance 
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of films, the rate of attainment of equilibrium, ete 
and is frequently useful for interpolating between jp. 
dications of the standard, particularly when rapid 
changes of humidity are being followed. 

The characteristics of the electrical indicator as § 
whole are shown for the circuit of figure 7 by th) 
calibration curves of figure 8. The galvanomete 
used had a resistance of 123 ohms and a range 9 
15 wa. The variable resistance, R;, was a plug-bo 
of 10,000 ohms in steps of O.l ohm. The three Curve 
in the figure, with their corresponding scales, shoy 
resistances of the detector and corresponding value 
of the variable resistance, ?;, required to bring the, 
galvanometer to balance. The calibration was mad 
by replacing the detector with successive measured 
fixed resistances. The entire range of possible re. 
sistances from short circuit to open circuit is covered 
The higher resistances are plotted on a reciprocal 
scale. 


2.4. Saturator 


The saturator shown diagramatically in figure 9 js 
the type generally used. Saturators with more elab. 
orate packing have not worked as well. The sand 
used in filling the saturator does not have to mee 
accurately the specifications given in the figure 
Gravel of larger size will do as well. When the wate 
level was kept as low as shown, no trouble has bee’ 
encountered with spray from cylinders filled in this 
way, even when the rate of flow of gas was muc 
greater than needed. 

A single saturator leaves much to be desired. Th 
sand has a high heat capacity, and with cooling from 
evaporation at the bottom and changing temperature, 
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in the sur roundings, the actual temperature of satura- 
tion is uncertain. For highly accurate results, a dou- 
ble saturator and trap, shown schematically in figure 
10, immersed in a bath of oil or other convenient 
liquid | is to be pre ferred. 

In the series of cylinders shown in figure 10, the 
first cylinder has enough capacity to retain all the 
water in all three evlinders and its function is to 
guard against flooding other parts of the apparatus 
if mistakes are made in the manipulation of valves 
when gas at very high pressure is being tested. The 
second cylinder is the principal saturator. The third 
evlinder serves both as an additional spray catcher 
and as a final saturator when continuous evaporation 
in the middle evlinder results in appreciable cooling. 
The bath may be thermostated for precise work, but 
it is ordinarily necessary only to read a thermometer 


immersed in the bath liquid. In the most exacting 
work, also, it may be desirable to warm the outlet 


valve to prevent cooling and condensation by expan- 
sion at that point, but this is ordinarily unnecessary 
because of the heat capacity of the valve and the 
small volume of gas expanded through it. The valve 
must not be colder than the saturator, of course. 
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FIGURE 


Double saturator and trap. 


2.5. Valves, Connections, Gages, Regulators 


Accurately made needle valves of the simple con- 
struction shown in figure 11 have been mostly used. 
Valves of other types that have been tried have been 
no more satisfactory at the best. Because they may 
at times get wet, and they must not corrode, ordinary 
steel should not be used for either valve stem or 
valve body. Good results have been obtained with 
stainless steel needle valves with bodies of brass or 
a softer stainless steel that will not score in contact 
with the needle. 

The packing of the valves is very important. 
Teflon, a polymer of tetrafluoroethylene, is a suitable 
packing material. It is not wet by water, offers little 
friction on the valve stem, is easily 
molded to an exact fit, has enough elasticity to re- 
main tight when compressed, and can be heated 
to well above the boiling point of water without 
damage when the apparatus is being dried out. 
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Figure 11. Needle valve and connector. 


The apparatus should be easy to take apart com- 
pletely for drying, and easy to reassemble. The 
connecting fittings shown also in figure 11 have been 
santinulatie satisfactory; they are simple, rugged, and 
easy to make tight. Only metal-to-metal joints 
should be considered. Threads, tapered or other- 
wise, cannot be made tight without a vast amount of 


trouble; fiber washers and other forms of packing 
are as bad or worse, chiefly because they retain 
water. 


If threaded couplings only are available one piece 
can be “tinned” thinly with solder. When connected, 
the mating piece cuts a new thread in the solder and 
is tight until the joint is broken, but it is difficult to 
take apart and will not remain tight after many 
separations. 

In making up the assembly of valves and con- 
nections, every precaution must be taken to eliminate 
places where water can be stored by such things as 
hygroscopic salts, rubber, or rust (which is a good 
adsorbent and acts much like a little silica gel). 
Soldering flux is particularly bad, and capillary 
spaces such as screw threads can be troublesome. 
It is good practice before final assembly of the equip- 
ment to wash the parts with a solvent for grease and 


then to boil them for several hours with several 
changes of water to remove hygroscopic salts. 


Finally, the parts are dried in an oven. 
Gages of the Bourdon type have been used ex- 
clusively for work involving pressures above atmos- 
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pheric. In some work below atmospheric pressure, 
mercury manometers were used. If care is taken with 
other things, the accuracy of the pressure gages is 
the limiting factor in the accuracy with which the 
method can be applied to most problems. Hence 
the gages used should be as good as it is practicable 
to obtain unless a lower degree of accuracy in the 
final result is considered sufficient. 
oxygen, it is frequently desirable to apply the full 
pressure of the cylinder to the cell. Even when this 
is not the case, there is always the chance that the 
full pressure, sometimes as high as 2,640 psi, will be 
applied accidentally. Consequently, a gage reading 
to 3,000 psi should be used on the cell. There is 
generally less trouble from obscure sources of water 
if the standard gas is not too dry, hence the saturator 
is seldom kept at a pressure higher than 500 psi, 
and a gage reading to 500 or at most 1,000 psi is all 
that is required at this point. If only high concen- 
trations of water, say above 1 percent relative 
humidity, are of interest, gages reading to 200 psi 
will afford greater accuracy than those of higher 
range. 

Although lack of a high-pressure regulator does 
not preclude saturating the gas at a high pressure, 
such as 500 or 1,000 psi, by attaching directly to a 
cylinder at that pressure, a regulator is a great con- 
venience. Regulators with upper limits of 500 and 
1,000 psi have been used. The latter works slightly 
better at 500 psi than the former and is probably 
the more desirable for general use. 


3. Conducting Films 
3.1. Composition of the Film 


The film recommended for use in most work is a 
mixture of phosphoric and sulfuric acids. A drop or 
two of concentrated sulfuric acid added to a small 
lump of phosphorus pentoxide or to several drops 
of concentrated phosphoric acid will serve to produce 
detecting films for weeks of use. The proportions of 
the acids are not important. Phosphoric acid alone 
is to be preferred except for rather dry gases. It 
behaves irregularly at humidities of less than about 


Sug/liter, probably because of the formation of 
metaphosphoric acid or other solid phase. This 
erratic behavior has never been observed in the 


presence of an appreciable fraction of sulfuric acid, 
but the phosphoric acid coating disappears less 
rapidly than sulfuric acid, probably because it is 
less volatile. 

No film of either or both acids remains stable very 
long. Resistance always increases either because the 
acids evaporate or because they react with their sup- 
porting materials or with neutralizing gases in the 
atmosphere. Usually they do not change appreci- 
ably during a half hour, and a single comparison 
with a standard can be used that long if temperature 
is constant; but, unless the detector has to be so 
located that it is not accessible for comparison, it is 
easier to make a calibrating comparison with each 
reading than to control or keep track of temperature 
changes, and the regular checking of each reading 


In the testing of | 


leads to more certain results. A film usually retains 
its sensitivity well enough for use, when regularly 
compared with the standard, for a half day. ; 

At least a part of the acid that is lost from the de. 
tecting film dissolves in the supporting glass. After 
a few days the glass becomes conducting; it comes to, 
equilibrium with the atmosphere very slowly; and 
the result is that readings, which should become 
nearly constant in a few seconds after a change of 
humidity, change promptly to a nearly constant 
value and then drift endlessly at a slow rate. To 
avoid this difficulty it is necessary to remove the 
contaminated surface of the glass. This can be done 
by rubbing the detector surface several times across 
a drop of glycerine and fine abrasive on a hard sur- 
face (a microscope slide is suitable). If this is done 
daily only a few seconds of grinding will suffice to 
keep the detector in good condition. To minimize 
reaction between acid and glass, it is worthwhile to 
rinse the detecting surface with water and wipe dry 
when the detector is not to be used even for an hour. 

A large number of experiments have been made 
by the authors and others with films containing 
hygroscopic salts in various media. These have had 
several objects, (1) to obtain films that always have 
the same resistance at the same temperature and 
humidity and can be given a permanent calibration, 
(2) to obtain films the calibration of which will not! 
be altered by exposure to a saturated or nearly 
saturated atmosphere, and (3) to measure water in 
atmospheres that would react with acids. The first 
fairly successful detectors containing salts were those 
prepared by Dunmore [5, 6] which have been com- 
mercially produced and extensively used in meteor- 
ological and industrial work since about 1940. Their } 
properties have been gradually improved or modified 
for various purposes [7]. One of the more recent 
ones, especially adapted to the conditions of measure- 
ment in the upper atmosphere, is that of Wexler and 
associates [8]. 

The Dunmore elements and most of the others 
require long and careful ‘‘conditioning” before they 
are calibrated and used; and they must be protected 
from long exposures to very wet or very dry gases. | 
For some purposes solutions of salts in glycerine or 
glycerine and gelatin can be used satisfactorily, with- 
out prior aging, on the detector ordinarily used with 
phosphoric and sulfuric acids [1, pp. 186-9}. 


3.2. Application of the Film 


Films of sulfuric and phosphoric acid of ample 
sensitivity are thin enough and viscous enough to 
require no binder unless they are exposed for more 
than a few seconds to humidities very near to satu- 
ration. The detector is coated simply by touching 
a stick, such as a toothpick, to the acid and then to 
the detecting surface, and wiping off the excess acid 
with a bit of cotton. Less than a minute is usually 
required. One soon learns about how much to rub 
off. Wiping with a moderate pressure on three sue- 
cessive clean portions of the cotton is one rule of 
thumb. Another is to wipe until the finely ground 
glass surface appears dull but not quite dry. If 
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oreater accuracy is desired, the adjustable resistances 
of the indicator can be set to approximately the de- 
sired reading in room air and the coating wiped off 
with one light touch of the cotton after another until 
the swing of the galvanometer needle shows that the 
resistance has become higher than corresponds to 
electrical balance. 

Fortunately, the thickness of the film is not at all 
critical. One film may have several times the resist- 
ance of another, but their difference be hardly notice- 
able in use. In some ranges of humidity, it is quite 
possible to use interchangeably films having a ratio 
of resistances of 50:1. In general, a thicker film 
permits greater sensitivity, and a thinner one reaches 
equilibrium more rapidly. The rule is, therefore, to 
use as thin a film as will have the desired sensitivity. 


3.3. Sensitivity 


The actual resistance of a single phosphoric acid 
film, film A, over almost the whole range of humidi- 
ties was measured with the circuit of figure 7. The 
observed data are given in table 1 and represented 


Taste 1. Resistance of a film of phosphoric acid (A) at 
various concentrations of water vapor 
Concentration of water 
Balanc- 
ing Resistance 
resist- of detector Relative Partial 
ance pe per humidi- pres- Approximate dew 
liter * ty at sure point 
83.6° F 
Ohms Ohms Percent mm Hg °< F 
5, 730 2 S70 1 11.3 0. 039 Oo. O11 74 -11 
5, 664 2, 700 2.0 O76 021 53 —is 
5, 41 2, 390 35. 2 12 O34 —49 — Wh 
5, 40 2,050 4 1W OAS 45 47 
5, 167 1, 600 aH. u 30 Os4 1 —42 
4,913 1, 280 138 1s 13 — 38 - 36 
4, 700 1,040 171 5Y 17 35 31 
4,320 72 2s 4! 26 30 22 
3, 836 528 iil 14 0 26 16. 2 
3, 420 304 wis 1.9 55 23. 5 10.3 
3, 195 337 i 2.3 4 22 7.6 
3,174 $42 H55 2.3 ti4 22 7.6 
2, 055 2s) 700 2.7 77 1) =i 
2, 830 253 S70 $ a) 19 2.2 
2, 304 154 1, 520 2 1. 48 13.1 +9.4 
1, GSO 106) 2.170 7 2.11 91 15.6 
1,825 AS 2. 600 it) 2. 53 —7 19.4 
1,420 TA) 4, 510 15. ¢ 4. 38 -0. 5 31.1 
1,177 37 7, 220 24.9 7.01 +6 42.8 
973 17 13, 200 45.5 12.8 15 5Y 
SSH) s 20, 800 71.7 2.2 22. 3 72.2 
TOO 0 
7,814 


* To obtain parts per million by volume, multiply micrograms per liter by 
0.804. To obtain parts per million of air by weight, multiply by 0.6z. 

» Short circuit. e Open circuit 

by curve 1 of figure 12. The concentration of water 
in micrograms per liter is plotted on a logarithmic 
scale with respect to the balancing resistance (resist- 
ance R, of fig. 7) on a linear scale. The approximate 
resistance of the film itself is plotted on a a 
scale with respect to the same ordinate in curve 2, 
the data for which were taken from curve 1 and the 
calibration of figure 8. Film A was such as would 
ordinarily be used in the lower part of the range 
accessible to phosphoric acid. For humidities in the 
higher range, a thinner film is preferable because it 
reaches equilibrium with the atmosphere more 


| 


RESISTANCE OF FILM, THOUSANDS OF OHMS (CURVE-2) 
100 1000 


10000 


1\000}- 





100-4 











ONCENTRATION OF WATER, MICROGRAMS / LITER 


ee eee 


+ 
Seas 
b}—-+ — 





3 


! 2 3 4 5 6 
BALANCING RESISTANCE, THOUSANDS OF OHMS (CURVES | AND 3) 


12. Calibration of two conducting films in terms of 


concentration of water. 


FIGURE 


quickly and does not begin to flow at so low a 
humidity. A typical application of phosphoric acid 
for this purpose, film B, is represented by curve 3, 
drawn on the same scale as curve 1. One film has 
about 20 times the resistance of the other, but both 
are readily usable over most of the range of humidi- 
ties. In figure 13, the balancing resistances are 
plotted with respect to relative humidity. The two 
films were used at different temperatures of 83.6° 
and 81° F, hence, the ratios of weights per unit 
volume and of relative humidities are not the same. 
The resistance of film B reached a minimum before 
a relative humidity of 100 percent was reached, and 
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the hook on the upper end of curve 3 of figure 12 
represents a real effect. During exposure to the 
highest humidity observed with film A, its resistance 
passed through a minimum (which was the resistance 
recorded) and was increasing when the experiment 
was discontinued. In both cases the effects noted 
were probably caused by flow of the too mobile 
solutions formed as saturation was approached. 

The sensitivity of the electrical indicator of figure 
7 with film A is shown by figure 14. The curves 
were derived as follows. It was assumed that the 
balancing resistance could be read to 0.05 percent 
of its magnitude at any point. This corresponds to 
about 0.8 seale division of the galvanometer. The 
sensitivity, by which is meant the change in concen- 
tration of water that could be observed with the 
instrument, was assumed to have the same ratio to 
the difference between two observed humidities as 
the 0.05 percent of the mean balancing resistance 
had to the difference between balancing resistances, 
and this sensitivity was plotted with respect to the 
average of the two observed humidities. It is 
apparent at once that the sensitivity approaches 
about 0.3 ug/ liter or 0.1 percent of the water 
present, whichever is greater. 

Figure 14 indicates instrumental sensitivity only. 
It must not be supposed that an absolute accuracy 
as great as this is usually or ever obtainable. The 
effects of all other sources of uncertainty remain to 
be accounted for. Actually, electrical sensitivities, 


in the lower range of humidities at least, can be con- | 


siderably increased by using thicker films or by 
substituting an electronic null-point indicator for the 
galvanometer, but at present there is usually no 
object in doing chiefly because sufficiently 
accurate adjustment and readings of pressure cannot 
be made. Higher sensitivities in terms of the ratio 
of water vapor to total gas (or of weight per unit 
volume of expanded gas) are readily obtainable when 
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the gas to be measured is under high pressure, and 
they are occasionally useful. 


3.4. Speed of Response 


The greatest improvement made in technique since 
the publication of [1] was the result of experiments 
reported in that paper on the rate at which equilib- 
rium is attained between the detector and the 2tmos- 
phere to which it is exposed. Those experiments 
indicated that the acid dissolved in the glass insu- 
lator, producing a thin, slightly conducting, and 
slowly changing laver beneath the fast-xcting surfece 
coating. When the contaminated glass has been 
removed by surface grinding and en ecid film of 
ordinary thickness has been applied, 90 percent of 
the change of resistance resulting from e change of 


atmosphere occurs within a second or two. <A more 
precise determination of leg is difficult to meke 


because it is not easy either to specify the thickness 
of film used or to provide en instenteneous change 
of atmosphere. 

The grinding (or boning) of the detector surface 
was previously described. 
erly done, there is almost no drifting of the electrical 
reading when the detecting surface is in en atmos- 
phere of constant humidity. When the detector is 
exposed to the air of an occupied room, the needle 
of the indicator waves like a flag in a breeze because 
it is following the different humidities alweys en- 
countered in the fluctuating eir currents in such a 
room. 


4. Procedures, Corrections, and Sources of 
Error 


4.1. Operation of the Instrument 
a. Procedure in Testing Compressed Gas 


The method of operating the instrument when 
testing aviators’ oxygen has already been given 
briefly but is so simple that it will be repeated here 
for convenience in the more detailed discussion of 
points of interest. Referring to figure 1, gas from 
the nitrogen (or compressed vir) evlinder is main- 
trained in the saturator at a pressure of about 500 
psi by means of the regulator. The cylinder of ges 
to be tested is connected to valve C. Valve B is 
opened widely and valve A is opened a little to 
permit 2 slight flow of gas from the seturator through 
the cell. The indicating circuit is adjusted, usually 
by changing resistence /?, of figure 6 to produce eny 
convenient scale reading of the galvanometer, and 
#s soon es this reading is sufficiently constant, it is 
noted. This reading will be referred to as the bal- 
ance-point. Valves A ana B are closed in that order 
end valve D opened widely. Valve C is then opened 
to permit a moderately brisk flow of the ges to be 
tested through the cell. As soon as this gas reaches 
the cell, the galvanometer needle goes off scale on 
the dry side, corresponding to a bigh resistance of 
the detector. Valve D is now closed gradually, and 
the pressure is built up in the cell until the galva- 
nometer needle swings back to the balance point. 
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If the balance point is passed, it can be approached 
from the other side by carefully opening valve D. 
When a satisfactory check of the balance point bes 
heen reeched, the pressure in the cell, P,, is reed. 
If there is any doubt that the pressure reeding Is 
sufficiently accurate, valve C or D is changed and 
another adjustment of the galvanometer to balance 
is made. When the observer is satisfied as to the 
balancing pressure, the thermometer is read end the 
concentration of water vapor is computed. 


b. Control of Standard Gas 


Details of the measurement will now be discussed. 
A saturator pressure, /?,, of 500 psi is selected for 
this particular purpose, because at ordinary room 
temperature, oxygen thet meets Army-Navy speci- 
fication for avietor’s oxygen will beve a substentially 
equal balancing pressure, P,. If there is the seme 
probable error in reading the two gages, the probe ble 
error of the comparison end the correction for devi- 
ation from the ideal gas laws are both minimized by 
making the two pressures equal. 

One source of error is some uncertainty regarding 
the water content of the gas from a single saturator, 
and this is affected by the condition of the apparatus 
and the rates of flow employed. To begin with, the 
regulator rarely controls perfectly the pressure in the 
saturator. When flow is stopped, the pressure builds 
up a little; when flow is resumed the pressure falls, 
and this change tends to produce en increese in the 
water content of the gas es flow is increased. On 
the other hand, the evaporation of water within the 
cylinder tends to cool the gas and cause the water 
content to decrease during the test. If the rate of 
flow is too high, there may not be time for complete 
saturation. Observable effects of the two last men- 
tioned causes are eliminated by using the double 
seturator previously described. Expansion at the 
valve causes 2 sherp drop in temperature of the gas 
with e tendency to precipitate the water as liquid. 
Fortunately most of the cooling takes place after the 
gas passes the narrowest passage in the valve, and 
any mist that is formed reevaporates, but sometimes 
water droplets formed on the surface of the metal 
are large enough when detached to cause a readable 
irregularity in the galvanometer reading. This effect 
can be completely eliminated by separating the outlet 
valve somewhat from the saturator and heating it a 
little with a small resistence coil. In a portable 
instrument, the valve is usually placed in a mass of 
metal large enough to prevent, by conduction, any 
important error from this source. 

Usually in routine testing the outlet valve from the 
cell is left wide open for the standard gas, which is 
then assumed to be at atmospheric pressure in the 
detector cell. Of course it is not, or it would not 
flow. Consequently, the detector is exposed to a lit- 
tle higher concentration of water than would other- 
wise be the case. An auxiliary valve for limiting 
flow may be placed in series with valve A and given 
a permanent setting, or the operator may make sure 
by trial that the flow is slight enough so that stopping 
it entirely makes no prompt and significant difference 


in the galvanometer reading. (A slow change in the 
galvanometer reading beginning after a little delay 
usually indicates diffusion into the cell from the 
outside.) The gas cooled by expansion may not 
reach room temperature by the time it arrives at the 
detector. This affects the reading in two ways; the 
lower temperature tends to condense more water in 
the film and thus cause a decrease of resistance, but 
a film containing a given quantity of water has a high 
temperature coefficient in the opposite direction. 
The first effect is likely to predominate, but for the 
duration and rate of flow usually employed a signifi- 
cant error does not occur because of differences of 
temperature of the detector when the “comparison” 
and ‘test’ gases are interchanged. At high rates of 
flow, the temperature effect may become significant 
particularly when carbon dioxide or a refrigerant is 
being tested. 

The discussion thus far would indicate that aceu- 
racy is promoted by making the flow of gas from the 
saturator very slow. We should add that at a very 
high rate of flow there is danger that liquid water 
will be carried over from the saturator mechanically, 
and that there is even the possibility that a sudden 
blast of gas over the detector will displace the film 
(this not infrequently happens with the gas to be 
tested if valves are ania carelessly). 

Another factor of importance enters, however. 
The dry side of the instrument is rarely completely 
dry. Even though the parts of the apparatus are 
made, dried, and athces with care, they seem to 
have the property of sorbing water from moist gas 
and giving it up later to a drier atmosphere in suffi- 
cient quantity to be readily detected. Gages are 
the worst parts of the apparatus in this respect; 
valve packings probably next, although the trouble 
from packings was largely eliminated by the use of 
Teflon. This exchange of moisture with surfaces 
and pockets within the apparatus generally affects 
the resistance of the detector when there is no flow 
of gas. A very small flow is affected to some extent, 
a large flow is not affected appreciably. For this 
reason we do not want gas from the saturator to flow 
too slowly; there is also a saving of time in reaching 
equilibrium if the rate is increased. A rate of 250 
ml/min from the saturator is probably usually about 
right. It is not necessary to measure it, however; the 
observer soon learns to control it satisfactorily by 
other means. In a quiet room the gas escaping from 
the saturator at 500 psig should be barely audible 
to a normal ear, or silent but on the verge of audibil- 
itv. The stream issuing from the small outlet of 
valve B should not be perceptible to the hand unless 
the outlet is blocked momentarily with a thumb. 
The little spurt of gas when the pressure is relieved 
should be noticeable. Momentarily blocking the 
flow should also cause the galvanometer to respond 
decisively and at once. Ifthe apparatus is thoroughly 
dry, the galvanometer reading should be the same 
for any rate of flow of gas sufficient to prevent diffu- 
sion upstream from the outlet valve and not great 
enough to build up appreciable pressure in the cell. 
To save time, it is better to adjust near the second 
limit than the first. 
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c. Troubleshooting 

The condition of the apparatus can usually be 
judged by the quick and simple tests that follow. 
With valve B partially closed, set the rate of flow 
(with valve A) at what is considered a little more 
than is desirable, to produce a slight Rector in the 
cell, then close the valve half way. A prompt but 
slight deflection toward the dry side (higher resist- 
ance) is the normal reaction if the svstem is dry, 
because the pressure in the cell diminishes. An 
immediate and permanent deflection toward the wet 
side indicates that water is entering the gas stream 
steadily as it evaporates from a packing, screw 
thread, or other source near the main channel of gas 
flow. A strong momentary deflection followed by 
the return to a steady reading, which is equal to or 
on the dry side of the reading obtained before the 
change of flow, indicates a nearly isolated pocket in 
which wet gas can accumulate and from which it is 
released only by a change of pressure. This pocket 
is usually the gage. If no deflection occurs when the 
rate of flow is changed it may be because the rate 
was initially too low to produce appreciable pressure 
in the cell, because the detector or indicator is 
insensitive, or because there is so much water in the 
cell or its connections that the gas is nearly saturated 
regardless of rate of flow. 

The conditions may be further explored by check- 
ing and releasing the flow with a thumb at the outlet 
of valve B. Usually the galvanometer deflects 
sharply to the wet side when flow is stopped, antl 
returns to the original reading when it is released. 
Sometimes a sequence of deflections will follow the 
release in such a way as to disclose a source of water, 
but this is less likely than with the violent 
changes of flow produced by valve A 

If stopping and starting the flow at the outlet does 
not produce normal deflec ‘tions of the galvanometer, 
the detector should be taken out of the cell and its 
response to the ever-changing humidity of room air 
noted, particularly the effect of bringing the detect- 
ing film near the operator’s hand. If the indicator 
responds normally to this by promptly indicating a 


less 


much lowered resistance, and particularly if the 
resistance of the detector in the cell was low, the 
apparatus is probably flooded. If exposing the 


detector to the atmosphere near the skin does not 
cause a sharp decrease of resistance, the system is 
inherently insensitive. If touching the electrodes 
with the finger does not produce a quick off-scale 
deflection, the trouble is in the electrical indicator 
and may be caused by a run-down battery, a broken 
connection, shunting by a low resistance, or the like. 
If the response to touching the electrodes is normal 
the trouble is in the film, which must be renewed. 

The troubleshooting procedure is not as cumber- 
some as its description suggests. It should not 
require more than 2 or 3 min including the renewal 
of the sensitive film, if that is needed. Correcting 
faults in the electrical system and drying out the 
apparatus, when this is necessary, take longer. 

If liquid water in quantity has gotten into the dry 
side of the apparatus, it is all but impossible to 
remove it completely except by disassembling the 


apparatus and baking the individual parts. If the 
moisture has come only from exposure to gases of 
fairly high humidity, it can usually be removed 
sufficiently by attaching a cylinder of dry gas and 
alternately building up and discharging a pressure of 
several atmospheres in the system. The c vele can 
be repeated every 2 or 3 sec. If 500 or 1, 000 ¢ veles 
are not effective, more thorough means of drying 
should be resorted to. This treatment is usually 
needed and usually successful after the apparatus 
has been out of use for a considerable period of time. 

In addition to conditions previously mentioned, 
re adings may be affected by c ‘hanging batte TV voltage 
and the effect of ¢ ‘hanges of temperature and humid. 
itv on the measuring circuit, including the resistance 
of the insulation of leads and detector. 
capacitance resulting from movements of parts of 
the apparatus may also produce effects. When com. 
parisons are completed promptly all these effects are 
practically equal on the readings for standard gas and 
sample and cancel out. Because they may change, 
it is advisable to complete comparisons promptly 


and with as little disturbance of the equipment as 


possible. 

When tests are being made only to determine 
whether gas does or does not meet a specification, 
one takes account of the te mperature and the setting 
of the regulator and computes the pressure at which 
gas that just meets the specification would balance, 
Thereafter until test conditions are changed, it is 
necessary only to run the pressure of the gas Re be 
tested up to the predetermined value and note 
whether the galvanometer reading is to the right or 
left of that made with the standard gas. A setting 
with the standard gas is made with each cylinder, 
but this is easily done by an observer while someone 
else changes the test cylinder. It has been found 
practicable for one observer, with a sufficient crew 
of laborers to shift evlinders, to make tests by this 
method at the rate of 800 cylinders per 8-hr day. If 
it is to be determined how much water is present, not 
merely whether it is above or below a certain limit, 
more time is required. A test does not often require 
more than 2 min exclusive of the time required to 
move and connect the evlinder. 


d. Use of Compressed Gas and Standard 


Actually it is not practicable to measure the water 
content of most of the aviators’ oxvgen now made by 
direct comparison with gas from a saturator, even 
if the saturation pressure is 1,000 psi instead of the 
recommended 500 psi. If, for example, gas saturated 
at 1,000 psi and 25° C (77° F) and expanded to 1 atm 
matches gas at the usual charging pressure for stor- 
age cylinders, 2,000 psi, the water content of the 
stored gas is 4 ug liter (after expansion to 1 atm). 

If the saturation pressure is 500 psi, the minimum 
measurable water content of the stored gas is 7 u g/per 
liter. Most of the aviator’s oxygen ‘tested at the 
Bureau, after the oxygen manufacturers began try- 
ing to comply with the specified maximum of 20 ug 
has contained less than 4 yug/liter. To determine 
the water content actually present in such dry com- 
pressed gas, or to measure conveniently the water 
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content below 0.2 or 0.3 mg/liter of gas not initially 
under pressure, it is best to use a cylinder of fairly 
dry compressed gas as a secondary standard. Even 
for gases within range of direct comparison with the 
saturator, the cylinder is a convenience because less 
eare is required than in the control of the saturator, 
and the composition of the standard gas is less de- 
pendent on temperature. 

The gas to be used as the secondary standard 
must be compared frequently with gas from the 
saturator, for the water content of gas discharged 
from a cylinder invariably increases as the pressure 
falls, because the gas in the eylinder is always in 
near equilibrium with water adsorbed on the walls. 
This equilibrium is somewhat affected by tempera- 
ture, but changes in the gas are slow. 

A cylinder of gas to be used as a secondary standard 
in testing other cylinders can usually be selected 
from the lot. Otherwise it can be conveniently 
prepared in a laboratory in which compressed air 
and a vacuum pump are available by thoroughly 
drying an evacuated cylinder, admitting as much 
air from the room as is desired, and filling with com- 
pressed air, dried with a good desiccant after com- 
pression. As an example, assume that a water 
content of about 25 ug liter is desired in the second- 
ary standard, that compressed air is available at 
1,800 psi, and that the laboratory air is 50 percent 
saturated at 25° C. The room air contains about 
11,500 we of water per liter. At 1,800 psi, the 
cylinder will contain about 125 volumes (at 1 atm) 
of air. Hence, we want about (25% 125)/11,500 
0.27 atm=210 mm Hg of room air in the cylinder. 
As a secondary standard this gas can be used, while 
still at the initial pressure, to measure at | 
atm containing from about 25 to about 3,000 ug 
liter, or gas compressed at 1,800 psi at about 0.2 
ug/liter after expansion. It will measure the quan- 
tity corresponding to saturation with liquid water 
in the cylinder of any gas above about 4 atm. As 
the gas in the standard cylinder is used up, the usable 
range becomes narrower. The upper limit de- 
creases because only lower comparison pressures 
(Pe of eq (2)) are available; the lower limit increases 
because some water evaporates from the cylinder 
walls. 

The actual use of standard gas from cylinders 
differs from the use of a saturator in only one impor- 
tant respect. It is more often advantageous to use 
the secondary standard at other than a pressure of 
| atm; unless advantage is taken of the fact that the 
barometric pressure is known more accurately than 
any small pressure can be measured on the gage 
attached to the instrument, accuracy is favored by 
making the pressures of standard and unknown ges 
as high as practicable. There is less reason than 
with the saturator to avoid excessive flows, and the 
observer may wish to gain speed by increasing some- 
what the flow used. On the other hand, he may 
wish to conserve the supply because of the trouble 
of renewing it. 


gas 


e. Operations Other Than Testing Compressed Gases 


] 


the method other than testing compressed gases, the 
gas to be tested is at atmospheric pressure. Instead 
of varying the pressure of the unknown gas to obtain 
a balance corresponding to an observation already 
made of the standard gas, the first galvanometer 
setting is made with the unknown gas, and the pres- 
sure of the standard, whether from saturator or 
calibrated cylinder, is varied to obtain a balance. 
The details of the procedure are so like those already 
given that they probably require no further deserip- 
tion. Because we lack the ability to change the 
pressure of the unknown sample, the range of con- 
centrations that can be measured with a single stand- 
ard is narrower than in testing compressed gas, and 
we may need two secondary standards in addition to 
the saturator, whereas we rarely need more than one 
in work with compressed gases. 

One source of error should be emphasized in con- 
nection with miscellaneous uses of the instrument. 
No rubber whatever can be used in any connection 
through which a gas to be tested flows. Exposing 
the gas to contact with any rubber surface is almost 
equivalent to exposing it to contact with an equal 
free surface of water. 

While not to be compared with rubber as a trouble 
maker, oil dissolves enough water from the vapor 
phase to cause sluggish readings. The metal tubing 
used in the apparatus should be cleaned by blowing 
a stream of hydrogen or city gas through it while a 
burner is passed from inlet to outlet slowly enough 
to heat the section above the burner to redness. 
This leaves the inner surface of the metal free of 
both oil and oxide. 


4.2. Deviation from the Ideal Gas Laws and 
Computation of Results 


a. Air, Oxygen, and Nitrogen 


The equations given in the introduction would 
serve tu compute correctly the results of experiments 
provided all the gases involved, including water 
vapor, behaved as ideal gases. This statement is 
meant to include as a part of the behavior of ideal 
gases the commonly assumed rule that the mass of 
water vapor per unit volume in equilibrium with 
liquid water is independent of the presence of other 
gases. The rule is not strictly true, and the devia- 
tion from it is to be attributed to forces between the 
molecules of water vapor and other gases, which are 
the same forces that cause the deviations from Boyle’s 
and Dalton’s laws. Hence, it is correct as well as 
convenient to include the rule of constant vapor 
pressure among those defining relations for ideal 
gases. Actual gases have what has been described 
as a solvent effect on water vapor that tends to 
retain the water molecules in the gas phase. 

The deviations from ideality can probably be 
described most clearly in terms of “fugacity,” the 
tendency of a substance to “escape’’ from one phase 
into another. If this tendency 1s the same in two 
phases there can be no net transfer between them, 
that is, they must be in equilibrium so far as their 
water concerned. When a steady reading is 


Is 


In most of the numerous possible applications of | obtained with a detector exposed to one sample of 
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gas, it is known that the fugacity of the water vapor | 


in the gas phase and that of dissolved water in the 
detecting film are equal. If the same reading is 
obtained when the film is exposed to another sample 
of gas, the fact indicates that the water has the same 
fugacity in the two gases. 

Actually, then, it is fugacities that are compared 
by the instrument. In an “‘ideal’’ system containing 
definite relative masses of water and gas, fugacity 
would be proportional to pressure, and equations | 
to 4, which were introduced as only approximations 
in the first part of this paper, would be exact. In 
the actual system a relation between fugacity and 
pressure must be established by experiment. 

This relation may be written by using the formula 
in which F=AP(1+AP+K'??+ .. .) in which 
F is fugacity, A is a constant involving the units in 
which F is expressed, and which need not be stated 
because A eventually cancels out, and constants 
are to be determined by observation. 
The determination bas been made for air in the fol- 
lowing different ways: (1) by absorbing and weighing 
the water from measured volumes of air that had been 
saturated with water at different pressures, (2) by 
comparing the gravimetric determination of water 
with the electrical observations of the same sample 
and adjusting the constants in the equation to bring 
the two measurements into agreement, and (3) by 
comparing electrical measurements made with ‘‘com- 
parison”’ gas saturated at different pressures and 
again adjusting the constants to give the same 


readings. The first of these three procedures in- | observations of Webster [11] and others. Putting 
these values in eq (2), we obtain 

—_™ P.P.(1—1.9X 10-P.+- 1.4 10-$P2) a 

W, Ss > p ) 8J2 , 4p2)- (5) 

P.P.A—1.9X 10-4 1.4 10-8P?) (1—1.9 10-8P,+- 1.4 * 10P?2) " 

The values of K and AK’ change with changing The new computer is shown in figure 14. It com 


temperature and have not been determined with high 
accuracy except at “room temperature.” Their 
variation between 20° and 30° C are probably out- 
side the accuracy of measurement. Some data for 
higher and lower temperatures are to be presented 
and discussed in {10}. 


b. Computer and Its Use for Compressed Gas 


The solution of eq (5) involves ascertaining the 
value of S, the saturation pressure of water at the 
temperature of test, and reducing four pressures 
from gage readings to the absolute scale before the 
operations of addition and multiplication indicated 
by the equation can be performed. The time in- 
volved in doing this by longhand is greatly in excess 
of that needed to make the tests themselves. A 
computer in the form of a circular slide rule for 
quickly and simply performing the necessary com- 
putations was described in [1]. This has been re- 
designed [12] to take account of the new values for 
deviations from ideality and to cover wider ranges of 
pressure (0 to 6,000 psi) and temperaure (— 100° to 

120° F). 


volves no measurement with the electrical instry. 
ment, and the third involves nothing else. By sub. 
stituting air and nitrogen for oxygen in the saturator 
and making the usual electrical mezsurements op 
the same gas, it was found that the difference in the 
constants for these three gases were outside the limi 
of accuracy of the measurements. This has beep 
repeated several times with different samples of 
these gases and with the same result. Experiments 
in which the second and third methods were used 
were reported in [1]. They were limited to the 
pressure range 0 to 2,000 psi, and indicated that over 
this range A’ and coefficients of powers of P bigher 
than 3 could be neglected. For A’=0 and _ the 
pressure range covered, method 2 applied to the 
average of a set of gravimetric determinations led to 
a value K Bx 10°°: 


kK 1.7x10-*. The opinion was there expressed 
that 1.7*10°* would be found to be the more ae. 
curate value. Later determinations by the first 


method, by Howerton [9] and by Diniak and Hughes 
[10] verified the value A=—1.7x10~* as the best 
value to be used for pressures below 2,000 psi when 
K’ is neglected. 

A more extensive study by Diniak and Hughe 
{10] at pressures up to 6,000 psi and room temperature 
(25° C) led to the simultaneous values A= — 1.9 107 
and K’=1.4x10-*%. These values, when used to 
predict the water content of gases saturated with 
water vapor and at pressures from 0 to 3,000 psi, 
vield results that are in excellent agreement with the 


sists of a base disk and two rotating disks with 
protruding tabs, both of which contain windows of 
transparent plastic through which scales on lower 
disks can be read. On the base disk an outer loga 
rithmic (ordinary slide rule) seale divides the cir- 
cumference of the circle into three decades. It is 
marked “Water vapor-milligram per liter at 70° F.” 
Near the center is a scale marked ‘‘Temp. ° F.”” It 
is formed by laying off logarithmically the vapor 
pressures of water from —30° to 120° F, and 
marking each pressure with the temperature at whieh 
it occurs. 

The middle disk has only one major scale, marked 
“(P.) comparison pressure.”” On it, absolute pres 
sures are laid off logarithmically, but each point & 
marked with the corresponding gage pressure (dif- 
ference between absolute and barometric pressures 
when the barometric pressure is 14.7 psi. At one end 
of the comparison-pressure scale is a short  seale 
marked “alt. correction” that will be referred to as 
the “altitude scale’ when corrections are discussed. 

The upper disk has two principal scales, marked, 
“Test gage pressure (P,)”’, and a scale marked “(P; 
saturation pressure.” There is also an aunxiliary 
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scale marked “Frost pomt below - 7 It is 
ysed as an extension of the temperature scale (Scale 
T) on the base plate. 

The computer can be used in a great Many ways, 
most of which will be readily understood by compari- 
zon with the ordinary slide rule. Multiplications and 
divisions are made by adding and subtracting angles 
just as they are made by adding and subtracting 
lengths on a linear slide rule. Frequently-used con- 
version factors can be introduced by markings on 
the appropriate scales as the value of x is commonly 
marked on the linear slide rule. The widths of the 
tabs have been shosen to permit direct readings of 
water concentration in units other than milligrams 
per liter. There is room to the left of the altitude 
scale for marking additional conversion factors in 
the range 1.2 to 100. An example is shown in figure 
15. in which the middle disk has two markings, 








15. 


FIGURE Computor. 


F-12 and F-22, that read directly in parts of water 
per million parts by weight in the two commercial 
refrigerants Freon 12 and Freon 22, respectively. 
The quantity of water in a gas is designated at 
various times and for several reasons by a variety of 
systems and units. It is often necessary or con- 
venient to convert from one system to another. 
The computer is designed to facilitate, particularly, 
interconversions among the following: 


1. Weight of water per unit volume of gas at a 
standard temperature: (a) Milligrams per liter at 
70° F (almost identical with ounces per thousand 
cubic feet). (b) Pounds per 10,000 cubic feet. 


3. Vapor pressure of water. 

4. Dewpoint (frost point below 
5. Relative humidity. 

6. Percentage by volume of vapor in gas. 


32° F). 


2. Parts by weight of water per thousand parts of 


In the use of the instrument, for testing the dry- 
ness of a compressed gas, by comparison with gas 
from a saturator at high pressure, the pressure in the 
saturator in pounds per square inch gage is set oppo- 
site its temperature; the index of the “‘comparison 
pressure scale’ is set on the “test gas pressure” 
scale and the water content of the gas being tested 
(after expansion to 1 atm at 70° F without change of 
composition) is read opposite the comparison 
pressure. 

After this setting has been made, the tabs of either 
disk can be used as the glass slide is used on a linear 
slide rule to mark a position for further computation. 

The angular widths of the tabs have been chosen 
so that when the right-hand edge of the wider one 
reads milligrams per liter on the logarithmic scale, 
the left edge reads pounds of water per 10,000 cubic 
feet of gas; when the right edge of the narrow tab 
reads milligrams per liter, the left edge reads pounds 
of water per thousand pounds of air. The vapor 
pressure of water in millimeters of mercury is numeri- 
cally equal to 1.017 times the number of milligrams 
per liter at 70° F, a factor that can be read on the 
computer but can usually be neglected. Subject to 
this error, the outer scale reads directly in vapor 
pressure units. When the zero of the comparison- 
pressure scale indicates milligrams per liter at 70° F, 
the 5,000 mark of the same scale (elongated to aid 
the memory) indicates percentage of water vapor by 
volume. 

If the water content is less than 1 mg/liter, the 
dewpoint is read directly on the temperature scale 
under milligrams per liter on the outer scale. If the 
water content is more than 1 mg/liter (at about 0° F), 
the numbers on the outer scale must be multiplied 
by 1,000 to correspond to the dewpoint (frost point 
below 32° F) on the adjacent temperature scale. 
If the right edge of the wide tab, on the upper disk, 
is brought to the water content in milligrams per 
liter on the outer scale, the frost point is read on the 
scale marked ‘Frost point below —30° F” at the 
lowest point (—30° F) on the temperature scale. 
The decimal point must be watchéd carefully in this 
operation; it is not taken care of automatically. 

The relative amount of water in gases under two 
conditions is ascertained by finding an angle between 
the points representing concentrations under each 
condition. This angle can be set readily as that 
between the edges of the two protruding tabs. Then, 
if the middle disk is rotated, the small disk is carried 
along without disturbing the angle until one tab is 
above 1.0 of the outer scale on the base disk. The 
other tab then reads directly the ratio of concen- 
tration of water in the two cases. If one of the two 
conditions represents saturation, the ratio found is 
“relative humidity” as the term is ordinarily used. 

For the sake of simplicity, pressures used in both 
eq (4) and (5) are expressed as absolute pressures. 
However, the pressures marked on the computer 
are gage pressures when the barometric pressure 
is 1 normal atm, 14.7 psia. If the barometric pres- 
sure differs from 1 normal atm the result obtained 
with the computer is somewhat in error. The correct 
result may be obtained by converting gage readings 
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to absolute pressures by adding the barometric 
pressure and introducing into eq (7), or more easily 
by changing each gage reading to what it would 
have been had the barometer read 14.7, and using 
the computer. 

Variations of the barometer at a given point can 
usually be neglected for ordinary work, but the 
differences between points at sea level and altitudes 
of several thousand feet are too great to be dis- 
regarded. For convenience in the routine testing 
of compressed gases by the usual procedure, the 
total correction for the difference between normal 
pressure at a given altitude and normal pressure at 
sea level has been marked on the computer as an 
extension of the comparison pressure scale and 
labeled “Alt. correction.”’ The correction was com- 
puted for the case in which a sample containing 20 
ug of water per liter is compared with a gas saturated 
at 500 psig and expanded to the average barometric 
pressure at that altitude. It is applied at the end 
of the usual computation by reading the scale 
opposite the altitude in question instead of opposite 
the zero of the comparison pressure scale. The cor- 
rected result represents the water content of the 
sample at 70° F and 1 normal atm and is not exact 
except for the conditions of test specified. It may 
or may not be useful under different conditions of 
test; this can usually be determined by solving a 


typical set of real or assumed data with the computer | 


and comparing with the result of a direct substi- 
tution in eq (7). If the difference is considered 
negligible, the correction scale can be used routinely 
for testing under approximately the conditions 
assumed. 


5. Applications of the Method 
5.1. Compressed Gases 


The application of the method to the measure- 
ment of water in such “permanent” gases as air and 
oxygen has probably been described in enough detail. 
It should be added that the composition of the gas in 
a cylinder usually changes during its discharge 
because water is adsorbed in the oxide (orrust) 
coating of the evlinder wall, and tends to evaporate 
to maintain equilibrium with the gas phase as vapor 
is discharged with the gas. A typical behavior of an 
ordinary steel cylinder of gas is shown in figure 16. 
The cylinder was new, had been dried ‘“‘thoroughly”’ 
by its manufacturer and filled with oxygen by direct 
evaporation from the liquid. A series of experiments 
with different evlinders dried by the same procedure 
and filled at the same time with gas containing 
about 10 ug/liter showed that there was no signifi- 
cant change in composition after charging to full 
pressure in the case of an aluminum and a stainless 
steel cylinder and only negligible though measurable 
increases during discharge; an ordinary cylinder 
previously in service for “dry”? gases showed about 
the same trend as figure 16. An oxygen cylinder 
long used in welding service, deeply rusted and 
visibly wet, was heated and purged until it was 
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ocygen determined gravimetrically and electrically. 


, Gravimetric test; , electrical test, 


apparently thoroughly dry; but after charging with 
a dry gas, it delivered gas with a high water content 
that increased almost accurately in inverse pro- 
portion to cylinder pressure. 

Each gas shows individual deviations from ideality 
and for accurate work at high pressures this fact 
must be taken into account by substituting appro- 
priate values for the constants in eq (5). Hydrogen 
and helium are very close to ideal gases and zero 
values for constants AK and A’ can probably be used 
without significant error. Nitrogen, oxygen, and 
argon are practically indistinguishable, and eq (5) 
applies to all three without change. An early approx- 
imate determination indicated that at pressures at 
which the term containing /” can be ignored the 
value of A for methane should be 2.4 10~* making 
the correction factor by which methane pressures 
are multiplied (1-0.00024 P). This is to be compared 
with the best value for air, when the term in J” is 
omitted, of (1-0.00017P). 

Two of the Freons were studied in some detail by 
comparing results of the electric and gravimetric 


methods. It was concluded that at 25° C. the 
value of AK should be 1.0% 10-° for dichlorodi- 
fluoromethane (Freon 12) and 1.2 10°>° for cbhloro- 


difluoromethane (Freon 22), while the value of K’ 
for both remained the same as for air (A’=1.4» 
107°). 


5.2. Liquefied Gases 


“Gases”? such as carbon dioxide, propane, butane, 
sulfur dioxide, methyl chloride, and the Freons, are 
usually almost entirely in the liquid phase at the 
time of sampling and we are interested in the com- 
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position of the liquid; but we must make our meas- 
ments in the gas phase. There are two solutions to 
the difficulty. A “partition coefficient” of the water 
between gas and liquid phases can be determined by 
experiment or taken from the literature; but this 
coefficient changes with temperature and to some 
extent with pressure and is probably hardly worth 
ascertaining except for rapid approximate tests. 

A better method is to permit a slight flow of the 
liquid through a capillary channel into a heater 
where it is vaporized completely and continuously. 
If. as in a refrigerating machine, there is a driving 
mechanism, it may be possible to return the gas 
tested to the system without loss. Apparatus and 
procedures are described by Diniak, Hughes, and 
Fujii [3] and by Brisken [14] for following changes in 
a closed system of this kind. 
sented by figure 29 in reference [1] were obtained 
with simpler equipment that discharged the vapor 
sampled to the air. 

Usually the comparison gas used in testing any 
gas will be air or its equivalent for this purpose, 
hence in the use of eq (5) only the term (1—AP,+- 
K’P2) is affected by the nature of the gas analyzed. 
If, in this case, the computer is used in determining 
W,, the result should be multiplied by the quotient 
of the correction factor for air at pressure P, divided 
by that for the gas tested at the same pressure. 
Thus, if the gas tested is methane, if its water content 
is represented by W,,,, and if W, is the water content 
shown by the use of the computer, 


W, (1 
WwW. 


19 10°44 


(1—2.3> 


1.4 10°5P?) 
10-*P,) 


From the data of Wiebe and Gaddy [13] at 25° C, 
and in the lower part of the reported pressure Tange, 
the correction for the fugacity of water vapor in 
carbon dioxide was computed [1] to be (1-6.05> 
10¢°P+1.2«10°77"), which agreed very well with 
observations made on a cylinder of carbon dioxide. 
The data from which this factor was taken show a 
reversal of direction at the pressure of liquefaction 
of the carbon dioxide-rich phase, and the correction 
no longer applies. Hence the water content 
carbon dioxide is to be determined at as low a value 
of P, as practicable. Making the division indicated 
by the ratio W,/W),, a determination of water in 
carbon dioxide made with air as the comparison gas 
and calculated on the computer should be multiplied 
by the factor (1+4.15*107°P+1.5107'7P?), 

The maximum pressures in the gas phase of the 
more easily liquefied substances such as propane, 


The analyses repre- | 


of | 


butane, and the Freons, minimize the importance of 


a correction for pressure. 

In sampling materials such as the refrigerants, 
even from the gas phase, any appreciable expansion 
of the gas in the sampling line before the detector is 
reached results in cooling that may affect the result 
unless the gas is brought to detector temperature 
through a heat exchanger. Long metal connections 
and slow rates of flow minimize trouble from this 
source. 


5.3. Liquids 


The method is convenient and very rapid for 
making comparisons of the water contents of many 
liquids. Its usefulness depends on the fact that if 
air is brought to equilibrium with the liquid, by 
bubbling or otherwise, the fugacity of water vapor 
will be equal in the two phases and can be matched 
with that of gas from a saturator or other known 
source. 

A convenient method of bringing the detecting 
film to equilibrium, through the gas phase, with the 
liquid to be tested is to attach the detector to the 
upper end of a tube, that is dipped into the liquid to 
nearly its full length. Figure 17 shows a convenient 
form of apparatus. A glass tube A with a flared top 
snaps into a stainless steel fitting with hooklike 
fingers, an action similar to that of a snap garment- 
fastener on an enlarged scale.. Ordinary test tubes 
of small size have been found satisfactory for the 
glass tubes. For small samples, a capillary tube with 
flared end could be used. They may receive a little 
spherical grinding to make a substantially tight fit 
with B. The detector D, shown here in cross section, 
is attached to B by nut E. The glass tube has an 
opening at the bottom, F, and at one side, G. The 
springs © hold the tube firmly against the detector 
block. The connection between tube and detector 
block is tight enough to prevent appreciable leakage 
under a few millimeters of water pressure, and the 
tube can be plunged into the liquid without excessive 
care and without touching the detector tip although 
it is only a few millimeters from the liquid surface. 
Since the liquid flows into the tube from well below 
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Arrangement used in testing water vapor en equt- 
librium with a liquid. 


Figure 17. 
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the surface, a reading is obtained that is not much 
affected by the composition of the liquid immediately 
at the surface, which sometimes differs materially 
from that of the bulk of the sample. 

The method is extremely sensitive for water in 
liquids, like the hydrocarbons, that dissolve very 
little water, less so for ethers, ketones, ete., and 
least sensitive for such things as the alcohols and 
nitric and sulfuric acids. Unfortunately, the quan- 
titative significance of the fugacity in terms of 
water content is different for each liquid; but once 
worked out on an empirical basis, it should permit 
a determination almost as quick and in many cases 
(such as that of the hydrocarbons) much more 
accurate than is possible with a hydrometer. It is 
also more specific for water and less subject to the 
effect of impurities, particularly the homologs of 
the principal constituent of the liquid, than is 
density or refractive index. 

It should be possible to use the fact that the 
fugacities of the same quantity of water are very 
different in different substances to determine the 
composition of their binary mixtures by adding a 
known amount of water to their mixtures. This 
subject is discussed briefly in {2}. 


5.4. Solids 


Interchanges between solids and gases are readily 
followed in detail. A simple example is the deter- 
mination of the drying capacity of solid desiccants 
by passing a measured stream of air of predeter- 
mined humidity through them and measuring the 
water in the outflowing air at intervals. Figure 18 
shows the results of tests of three desiccants by this 
method. The tests were made with saturated air 
at room temperature, which was fairly constant at 
an average of 73.8° F. Desiccant and saturator 
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, Desiccant No, 1; +, desiccant No, 2; @, silica gel dried at 275° C. 


| termined very rapidly by shaking : 


were initially at the same temperature, but ther guitabl 


was some (unmeasured) increase in the temperature. 
of the desiccant, contained in a length of half-ine} 
iron pipe, and probably a small reduction in tempera, 
ture of the second of two saturators, steel cylinders 
filled with wet sand used in series. The water eon. 
tent of the saturated air was about 30 mg per liter 
(about 1.8 lb of water per 100 lb of dry air) and the 
“space velocity” through the desiccant was about 
12.5 (12.5 volumes of air passed per minute through 
unit volume of the desiccant). Thus the “break. 
point”’ for silica gel at 500 min represents the drying 
of 6.250 cu ft of air per cubic foot of desiccant-filled 
dryer volume. 

The silica gel in this case was a freshly ‘‘reaeti- 
vated” (dried) lot of old material of the grade 


supplied to the government for ‘mothballing”’ 
military equipment. It may be of interest that 


the other two desiccants were of two different types 


delivered in hermetically sealed containers — by 
different contractors for use in drying aviators 


oxygen at high pressure. The composition of these 
desiccants is not stated here because their inferior 
performance is believed to represent faulty prepara-) 
tion rather than inherent unsuitability of the classes 
of materials to which they belong. 

The “limits’’ shown on the figure indicate the 
dryness required in compressed gases at 600 and 
2,200 psi if the specification of 0.02 mg/liter in the 
expanded gas is to be met. The rather impressive 
possibilities of high-pressure drying are shown by) 
the fact that the silica gel would have dried 606,000 
times its volume of air saturated with water at 2,200 
psi and 70° F before any of it would have contained 
more than 0.02 mg/liter after expansion to atmos- 
pheric pressure. The contamination of the desic- 
cant pear the outlet of its tube by contact with moist 
air during activation and preliminary handling is 
shown by the high initial portion of the drying curve. 
Had this contamination been avoided, oxygen equal 
to approximately one-half million times the volume 
of the desiccant would have been dried to contain 
only ten parts of water per million by weight. 

The removable water content of a desiccant, a 
soil, or similar material can be determined readily 
with more or less accuracy by any of several proce- 
dures. The simplest is to integrate the water 
content found in a sample of air passed over the 
solid under whatever conditions are desired. An 
apparatus successfully used in determining the dry- 
ness of silica gel is illustrated and the procedure is 
described in [1]. If the water is not evolved at a 
convenient rate for satisfactory measurement in the 
flowing stream, the water may be frozen out with 
solid carbon dioxide or liquid air and determined as 
a whole after vaporizing and diluting by whatever 
procedure is desired. 


5.5. Application to Solids of the Test for Water in 
Liquids 


Water held by capillarity or adsorption on 
powdered solids such as paper or sand can be de- 
sample with a 
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suitable liquid and determining the water in the 
resulting solution by the use of the dipping tube 
previously described for liquids. The liquid used 
as a solvent for water must be calibrated in advance 
hy adding known small amounts of water to some 
of it. It should be chosen so that it is never satu- 
rated by the water in the sample (alcohol, acetone, 
sulfuric acid, and other “completely miscible” 
liquids never are) and is still reasonably sensitive. 
For small samples of very dry materials, ether or a 
hydrocarbon can be used. The method is believed 
applicable to many materials that are hard to dry 
such as candies, fats and greases, soaps, and emul- 
sions of various types; but in applications of each 
kind the effects of the material other than water 
on the fugacity of water in the solvent would have 
to be considered. 


5.6. Determination of Substances That Can Be 
Converted to Water 


The method is often applicable to the determina- 
tion of substances such as oxygen or oxygen com- 
pounds easily reducible by hydrogen, or to hydrogen 
or known organic compounds, the hydrogen of which 
can be burned to water. Circumstances particularly 
favorable to its use exist in the case of argon, which is 
required for some purposes in extreme purity. Gas 
at cylinder pressure is first tested for water vapor 
in the normal manner. Then the gas, still at as 
high pressure as facilities will permit, is mixed with 
hydrogen, passed through a small combustion 
furnace containing platinized asbestos or equivalent 
catalyst, and again tested for water. Oxygen is 
computed from the difference between water in the 
original sample and that found after combustion 
with hydrogen; or both gases may be dried before 
entering the furnace by freezing out with liquid air, 
in which case the water found after combustion 
represents oxygen in the sample without correction. 
A sample may then be taken through the furnace 
after mixing with oxygen instead of hydrogen; the 
water produced is then a measure of hydrogen or 
hydrogen compounds in the gas and is to be inter- 
preted in terms of the reducing gas most likely to be 
present, usually a residue from the process of re- 
moving oxygen. If natural gas was used to burn 
out oxygen, the water should probably be calculated 
as methane. If these analyses are conducted at 
or near the usual charging pressures of commercial 
evlinders, 100 atm or more, the method is sensitive 
enough to determine parts of water per ten million; 
the volume of sample and of reagent gases required 
are negligible; and the method is rapid when once 


5.7. Permeability of Membranes 
The permeability of membranes to water can be 
readily measured. The membrane is clamped _ be- 
tween the halves of a “cell” with shallow chambers 


on each side. One side may be completely filled 
with water, putting the liquid in contact with the 
membrane; but usually the permeability to water 
vapor in a saturated atmosphere is desired and the 
cell is set with the membrane horizontal and the 
surface of the water in the lower chamber near to 
but not in contact with it. 

The transfer of water through the membrane 
may be measured in either of two ways. For 
membranes of high permeability such as rubber, 
the best method is to measure the water vapor in 
the inlet and outlet of a constantly flowing stream. 
Membranes of low permeability are best tested 
by observing the build-up of moisture in a closed 
cell. A suitable apparatus is shown in [1]. 

The principal difficulty in the use of the second 
method is that of knowing or controlling the initial 
condition of the membrane. When permeability 
determinations are made in a flowing stream the 
test can be continued until a steady state is reached 
and the initial condition becomes unimportant. 
For comparative purposes, however, the static 
method is quicker and may be accurate enough in 
spite of the initial uncertainty. It may be con- 
veniently conducted as follows: 

With water in the lower chamber, the chamber 
above the membrane is swept out with a rapid 
stream of dry air for a preselected time to produce 
an approximately steady water gradient, in the 
membrane, from saturation at one surface to sub- 
stantial dryness at the other. Flow is then stopped 
and the time required to build up the moisture 
content of the “dry” chamber to a predetermined 
reading is noted. With a “dry”? chamber 1 in. deep 
at a temperature of 25° C, it requires about 40 sec 
to reach a relative humidity of 25 percent in the case 
of a cellulose acetate film 0.03 mm thick. With a 
Saran film 0.05 mm thick about 1 hr was required 
to reach a relative humidity of 10 percent. Other 
tests are reported in [1]. 

Either of the methods described is easily modified 
to determine permeability to hydrogen or oxygen. 
In the static method both a water vapor detector and 
a heated wire are located in one chamber. The 
apparatus is thoroughly dried before the test, then 
one chamber is swept out with dry hydrogen and 
the other with dry oxygen or air. Unless permea- 
bility is very great, the hot wire burns the permeating 
gas with practical completeness, replacing it with 
water. If the detector and catalytic burner are on 
the hydrogen side the build-up of water shows the 
permeability of the membrane to oxygen; if on the 
oxygen side, permeability to hydrogen is measured. 
Instead of hydrogen, permeability to an organic gas 
or vapor can be determined by substituting it for 
hydrogen. 

Substantially, the procedure here recommended 
for permeability has several times been used for 
detecting leaks in apparatus with satisfactory 
results. 
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egawa ot 
mts Improved Bridge Method for the Measurement of Core 
Losses in Ferromagnetic Materials at High Flux Densities 
B, 343 
be William P. Harris and Irvin L. Cooter 
er tor 
search 
: Accurate core-loss measurements at high flux densities can be made by bridge methods 
lon of if the power dissipated in the primary circuit at harmonic frequencies is measured and sub- 
re. 63, tracted from the apparent power dissipated in the ferromagnetic material at fundamental 
frequency. The determination of this harmonic power term is inconvenient, and must be 
friger- done with greater accuracy than that required in the final result. An amplifier having 
. negative output resistance was devised and is used in a manner that automatically allows 
accurate compensation for the harmonic power dissipation. 
1. Introduction ot’ \ 
In two previous papers by the present authors J f 





(1, 2]', it was shown that accurate results can be 
obtained by using the a-c bridge to measure core 
losses in ferromagnetic materials at high flux densities 
only by determining and applying a “harmonic 
power correction. The method described involved 
the measurement of several harmonic-frequency 
components, J,, of the exciting current and the 





EPSTEIN TEST FRAME 





computation of the correction term as the summation | 

of all the J{R, terms of sufficient magnitude to | SR, 

affect the result, where R, is the total resistance of 

the circuit carrying the exciting current. Since 

terms as high as the 13th harmonic were not uncom- 

mon, the method was complicated and rather slow, 

and required very accurate measurements with a || 0 ------~---; 
sharply tuned voltmeter. < m 








The present paper describes a method of measure- Rs 


ment employing a power 
back used in such a way 


source having current feed- 
as to make the circuit self- 


compensating with respect to “harmonic power’. 


Figure 1. Maxwell-Wien bridge circuit for measuring 
core losses, using Epstein test frame. 


The result is that accurate measurements can now 
be made much more conveniently than by the pre- 
vious method. 


2. Theory and Principles 


The Maxwell-Wien bridge, used with an Epstein 
test frame, is one of several circuits used for the 
measurement of core losses in specimens of ferro- 
magnetic material. This circuit is depicted in 
figure 1, and the equivalent-circuit diagram is shown | | 

| 








in figure 2. The inductance, Lz, and the resistance, 


R Y 

c 
R,, are both caused by the presence of the ferro- W/ Ra 
magnetic material in the test frame, and are non- | lq 
linear because of the nature of the hysteresis cycle 


of the material. This nonlinearity gives rise to 
harmonic-frequency components in current J, even 

with source /, supplying a distortionless sine wave | | 
voltage. It is the power dissipated at these harmonic 
frequencies in the resistive elements of the circuit 








(SJ{R,) that causes the difficulties encountered iy, SES TS ee 
when this circuit is used to measure core losses at Su, {~} 
high flux densities. 1 Rs E. 


' 
' 
' 
! 


Previously, core losses were computed from the 
product J/?R,, where J is the rms value of the current, 


eens 
Figures in brackets indicate the literature references at the end ofthis paper 
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Equivalent-circuit diagram of the circuit 


shown in figure 1. 


FIGURE 2. 








and #, is the resistance associated with the ferro- 
magnetic material in the test frame. AR, was usually 
determined at fundamental frequency from the bridge 
balance equations and the values of R,, R,, and 
R, at balance, indicated by the tuned detector, D. 
The authors have shown [1,2] that the term /?R, 
includes not only the power dissipated in the iron 
but also all the power dissipated at harmonic fre- 
quencies in all the linear resistive elements of the 
circuit. The true core loss is then given by 


P.=[iRa—= R,, 


where J, is the fundamental frequency component 


of the exciting current. The correction term 
L/ZR, is negligible at low flux densities, but in- 


creases very rapidly at flux densities above 12 or 
13 kilogausses in ordinary silicon-iron core materials, 
becoming several times as large as the true core 
losses as saturation is approached. A great burden 
of accuracy is thus put on the determination of the 
correction term. For example, if the 2/jR, is four 
times P,, then to attain accuracy of 2 percent in 
the measurement of P,, it is necessary to measure 
SRR, to better than 0.5 percent. The method 
used in the original investigation and described in 
the reports thereon [1,2] was sufficiently accurate, 
but rather complicated and inconvenient. It in- 
volved the measurement of each significant harmonic 
eurrent, which included harmonics as high as the 
13th at the highest flux densities measured, along 
with the determination of R,, taking into account 
the changes of resistance with changing tempera- 
ture. The measurement of R, is further compli- 
cated by the fact that it includes the source resist- 
ance, Ry. 

It was desired to devise a more convenient method 
of making core-loss measurements with an accuracy 
of 1 or 2 percent. This end would be achieved if the 
correction term LT/iR, could be reduced to zero. 
This could be done if the harmonic currents /,, 
could be eliminated, or if the ohmic resistance /?, 
could be reduced to zero. Although it is possible to 
suppress harmonics in the exciting current, this 
procedure is undesirable because it produces har- 
monics in the secondary voltage of sufficient ampli- 
tude to seriously distort the waveform. The usual 
practice is to strive for the conditions that will vield 
least distortion in the secondary voltage, and in 
fact measurements are ordinarily corrected to indi- 
cate what the core losses would be with a perfectly 
sinusoidal voltage wave. 

The second alternative, the reduction of R, to 
zero, was the one used in this investigation. It is 
the practice to reduce the resistance of the primary 
circuit to a minimum in order to reduce distortion 
in the secondary voltage waveform. But there is a 
limit how far this can be carried by the usual 
means, such as using heavier wire, short leads, lower- 
valued bridge arms, ete. In order for the bridge to 
be useful at all, R, must have a value high enough 
to measure conveniently. In the present work, | 
ohm was found to be the lowest practical value for 
R.. The test-frame winding has appreciable resist- 


ohm to several ohms for 
practical sizes. Leads, power source, switches, ete 
unavoidably add their contributions, bringing the 
least practicable values of primary resistance to 
more than 2 ohms in most cases. The elimination of 
the resistance that remains after the measures 
mentioned have been employed is the heart of the 
problem. 

In order to reduce the total resistance, R,, tO zero. 
we have merely to add this same absolute value of 
negative resistance. Fortunately, this is no longer 4 
fanciful wish. For about 25 vears, electronic cireuits 
having negative resistance properties, chiefly feed. 
back amplifiers, have been known [3, 4, 5, 6, 7, 8, 9) 
More recently the use of feedback to control the 
internal impedance of amplifier and other cireuits 
has grown so widespread and so much has been pub- 
lished on the subject, that it is impossible to refer 
to all applicable publications. Those few cited 
should serve as a suitable point of departure for those 
wishing to pursue this subject. 

For the present work, a high quality, 200-w ampli- 
fier was used. This amplifier had the usual feedback 


ance, ranging from 0.2 


loops for achieving stable, distortion-free operation, 


over a wide range of frequency. In addition, a 
special loop of current feedback was employed to 
alter the output impedance, making it possible to 
achieve reasonable values of negative impedance 
with controllable, stable operation. The essential 
elements of this feedback method, and the means 
emploved to adjust it to give exactly the correet 
magnitude of negative resistance to counteract the 
positive resistance of the circuit, are described i 
the next section of this paper. 

An alternative method of approach to the har- 
monic-dissipation problem is to consider the circuit 
as containing a series of harmonic generators, each 
receiving energy from the main source via the funda- 
mental-frequency current, and delivering it to the 
circuit at harmonic frequency via harmonic-fre- 
quency currents. If this view is taken, the present 
arrangement is then a means of removing the har- 
monic generators from the bridge arm containing 
the ferromagnetic-cored test frame, putting them 
instead in the main power source. This view 1s 
supported by measurements of voltages at the har- 
monic frequencies appearing across the various 
elements of the circuit, with and without compensa- 
tion, as described in the next section. 


3. Experimental Procedure 


3.1. Simultaneous Measurements 


The inclusion of wattmeter in the circuit, as 
described in the previous investigation [1, 2], pro 
vides a reference measurement made under identical 
conditions. This feature was found valuable, and 
was used in the present work. Figure 3 shows the 
wattmeter, HW, with its potential coil connected te 
the secondary of the test frame, and its current coil 
in series with the bridge. It was found desirable te 
connect the current coil outside the bridge rather 
than in the arm containing the test frame, as was 
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done in the preceding investigation. Small changes 
in the resistance of the current coil caused 
diffieulty when not included within the bridge arms. 
The bridge arm, R,, was disconnected while reading 
the wattmeter in order to eliminate the small current 
in the parallel path? through R,, R,, and C,. All 
measurements were made in simultaneous pairs, and 
the agreement of the two methods was used as the 
criterion of the new method. 


less 


3.2. Equipment 


Essential to the success of the method is the special 
power source used. This source must have the 
property of presenting an apparent internal imped- 
ance that is negative, and of precisely controllable 
magnitude. For precise measurements the output 
voltage of the source must be very stable in magni- 
tude, because the impedance of the test frame with 
ferromagnetic core is a function of the current in 
the primary winding. Thus, at high flux densities, 
asmall variation in source voltage causes a relatively 
large change in the bridge balance parameters. 

To achieve the desired characteristics, a high- 
quality power amplifier with a special feedback cir- 
cuit was purchased. The basic features of the feed- 
back circuit are shown in figure 4. The voltage 
developed across a resistor in series with the primary 
circuit is fed back to an early stage of the amplifier, 
through an isolating transformer, and with means 

. . . . ry ® 

for variation by minute increments. The series re- 
sistor, R;, can be small, 0.1 to 1 ohm, and should 
have low residual inductive or capacitive reactance. 
R, is a ten-turn precision potential divider, providing 
precise control. Variation of the position of the tap 

?It was found that with #, not less than 30,000 ohms, the wattmeter reading 
was increased not more than | percent by ecnnecting the current c il outside the 
bridge arm. Disconnecting R, caused the reading to be exactly the same as with 
the current coil in the bridge arm 

The ratio of resistances ef the two current branches is seen to be at least 30,000 
to 3 (at highest fiux densities), and it might be expected that the power difference 
would be much less than the measured | percent. However, the phase angles of 
the two currents are different, with the power factor of the large-current branch 
often about 0.05, whereas that of the small-current branch is much larger. There- 


fore, the very small current in the latter branch contributes disproportionately 
to the wattmeter indication 


! 
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Figure 4. Basic elements of feedback loop used to control 
outpul impedance of power source. 


has the effect of varying the apparent source im- 
pedance, and therefore this control will hereafter be 
called the impedance control, abbreviated to “Z 
control’. The transformer, 7), is needed for isola- 
tion, and should be capable of handling a range of 
frequencies wide enough to include the Fandstoantel 
and all significant harmonics with a minimum of 
phase shift or attenuation. In practice, a small 
amount of phase shift in the fed-back voltage may 
be corrected by a simple R-C correction network. 

The signal input to the amplifier was from a low- 
distortion oscillator. A frequency of 70 cps was 
chosen for these tests, in order to eliminate the 
question of pickup and interference from the power- 
line frequency. 

The test frame was a 25-cm Epstein frame, with 
primary and secondary of 700 turns each. For this 
investigation the frame was used without an air- 
flux-compensating mutual inductor. The values of 
flux density, B, are therefore slightly too high, but 
this does not affect the validity of the comparison, 
because both the wattmeter and bridge methods were 
used simultaneously. 

The bridge-balancing components, R, and C,, were 
high-quality decade boxes, with accurately known 
values and negligible residual reactances. R, was a 
precision resistor of carefully determined value. R, 
was a precision resistor of 250-w rating. Lower- 
powered resistors might be used, provided they would 
carry current up to 2 amp without changing resist- 
ance. 

In order to determine the core loss, it is necessary 
to measure the value of the fundamental-frequency 
current in the test frame. This can be determined 
from the fundamental-frequency voltage drop across 
R.. The accuracy necessary in this measurement 
can be readily obtained with the polar potentiometer 
method [10], which was used for these measurements. 
The method requires a reference voltage of the same 
frequency as the unknown, variable in phase and 
amplitude, with means for accurate determination 
of the amplitude. Figure 5 depicts the circuit used 
for this purpose. A signal from the source driving 
the main amplifier is fed to a phase shifter, capable 
of shifting the phase by any amount required, with 
fine control. The phase shifter introduces distortion, 
which is removed by the filter. The transformer, 
T,, is shown to emphasize the need for complete 
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Figure 5. Polar potentiometer used to measure the voltage 


drop across R.. 


isolation. A feedback connection to the output side 
of the output transformer is often found on power 
a Sn ae could render the apparatus un- 
usable unless isolation is employed. Isolation 
especially important for measurement of the voltage 
drop across a resistor, if both ends of the resistor are 
operating at nonground potentials. 

The accuracy of the method is determined largely 

by the next two elements, the reference voltmeter, 
\’, and precision ratio transformer, PRT. Tlie 
rariable-phase reference voltage is applied to the 
primary of the PRT, and measured by the reference 
voltmeter, V. The PRT used has five decade 
switches, by which the output voltage may be varied 
in steps as smell as 1 <10~° times the input voltage. 
The voltmeter, V’, was adjusted to have a zero scale 
correction at the reference input voltage, and care 
was taken to maintain the input at this level through- 
out the measurements. All meesured voltages were 
then determined in terms of a ratio, read from the 
PRT, times the reference voltage. The accuracy 
of the measurement of the fundemental-frequency 
current is estimated to be within +0.2 percent. 

In use, the phese shifter and the PRT are ed- 
justed so that the detector, D, tuned to the funda- 
mental frequency, reads a null. Under these con- 
ditions, the output from the PRT matches the 
fundamental component of the unknown in phese 
and amplitude. 

It is obvious that the apparent loss measured by 
the bridge is profoundly affected by the setting of 
the Z control. One of the major problems of this 
investigation wes to devise a means of setting the Z 
control at the proper point. 

It is relatively easy to find the proper setting to 
compensate for those elements of the circuit whose 
terminals are accessible. This is evident from a 
consideration of figure 6, which shows the basic 
elements of such a circuit as that with which we are 
concerned. If a tuned detector, such as a wave 
analyzer, is connected to points | and 2, and tuned 
to the third harmonic of the fundamental frequency, 


Is 














' Cpr -v.. R a laa Ma 1 ° 
s s | 
e | NA WA (~)— ° 
' Negative a ; 
Es 
' | 
| Fieure 6 The primary circuit, showing how compensation 
for part of the circuit resistance may be achieved by varying 


R, 


the negative source resistance, 


yield a minimum deflection of the detector. This is 
done with the amplifier supplying a current large 
enough to produce considerable harmonic compo- 
nents. At this setting, the source resistance, P,, has 
been compensated by making /??,’ equal in magni- 
tude and opposite in sign to 2?,. If now the detector 
is moved to points 2 end 3, and agein the 7 control 
is adjusted to produce a minimum deflection, the 
resistor, /?,, is also compensated, and ?P,’ 
| (R,+F,). By connecting to points 3 and 4, we can 
| compensate for R., R., and R,,. But here this 
| method ends, for the resistance of the primary wind- 
| ing of the test frame, /?,, which remains to be com- 





Is 


pensated, is not separetely aveilable to us; it IS as- 
sociated with L, end FP, between the terminals of 
the test frame. 
| This problem was solved by making a resistor, 
I?,,’’, exectly equal in resistance * to R,, and insert- 


R, is the ohmie or d-c resistance of the test frame primary winding. There 


fore, R»"’ is a ‘*pure” resistance, i. e., with negligible inductive or capacitive re 
actance. The d-c and a-c resistance of Ry» and Ry” are equal. 
fs - 4 “wm 
\ o——o— oo 
\ otis 
ri 
1. «. 
" d.4 <a — 
| , T 
“jer (wor 
bf oe %» + + 4 
ad of z 
rf 
¥ PY 
3 . 
| 
' 
IRs R. 2 
> ee’ a Vv —~, - 4 
Negative E. 
, 
| Fieure 7. Circuit with R,'' added, by means of which com- 
| plete compensation may be achieved. 
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ing it in the circuit as shown in figure 7. If the 
detector were connected to points 3 and 5, and the 
7 control adjusted for minimum deflection, com- 
pensation would be effected for R,, R,., Rom, and 
_. o we could connect the detector to point 3 
and the phantom point 7, we could achieve complete 
compensation for all the ohmic resistance of the 
circuit. 

The transformer, 73, provides the means for a 
virtual connection to the phantom point 7. The 
ratio of this transformer is precisely unity, and its 
phase shift negligible. The secondary can be con- 
nected in such a way that the voltage induced in it 
opposes the JP drop in FP. Since the voltage on 
the primary of 7; is the /PR drop in f,’’, which was 
made to equal /?,,, the induced voltage just equals 
the JR drop in F,, and by connecting to 3 and 6, we 
get the same effect as if we were able to connect to 
3and 7. All that remains is to adjust the 7 control 
fora minimum deflection. 

The method of setting the 7 control, using the 
third harmonic produced by the iron, leaves some- 
thing to be desired. The main power amplifier in- 





evitably produces some harmonic distortion in its | 


own circuit, and this is indistinguishable from that 
produced by the iron, so that the final setting of 
the 7 control is affected by an unwanted factor. 
The method yields usable results if the amplifier 
distortion is kept low enough, but this is a difficult 
tesk at the power levels required for testing. 

An alternative method of setting the 7 control] 
was devised, which avoids the difficulty pointed out 
above. All that is required is a voltage, to be in- 
troduced into the circuit at some point external to 
the main amplifier without changing the ohmic re- 
sistance of the circuit. This can be achieved in 
preetice by applying a voltage to the secondary 
winding of the test frame, with the specimen in the 
frame acting as the core of a transformer, and in- 
ducing a voltage in the primary winding of the frame. 
The detector, connected as before, is tuned to the 
frequency of the injected voltage, and the 7 control 
set by this means. 

It was found that the setting of the Z control was 
slightly dependent upon the amplitude of the injected 
voltage. Best results were obtained by adjusting 
this amplitude to yield about the same rms current 
in the primary circuit with only the injected voltage, 
operating through the feedback circuit (i. e., no 
input to the main amplifier input terminals) as the 
ms current existing under testing conditions. That 
is, for a test point requiring exciting current of 1 
amp rms, the Z control was set with the injected 
voltage adjusted to give 1 amp rms in the primary 
circuit. The difference in Z control settings made 
with various injected voltages was small, however, 
and could be neglected if errors approaching 3 to 5 
percent were allowed. 

An obvious advantage of this latter method is that 
the frequency of the injected voltage may be chosen 
at will. By choosing several frequencies covering 
the range of the predominant harmonics of the 
requency used for the tests, it was determined that 


the setting of the Z control was practically the same 
for all frequencies in this range (50 to 700 cps). If 
this were not so, it would indicate that the equipment 
was not suitable for use in this manner, for the 
predominant harmonics must all be compensated 
simultaneously in order to get accurate results. In 
practice, a frequency of 200 to 350 eps was used. 

It is necessary to consider the effect on the primary 
circuit resistance of the transferred impedance of the 
auxiliary circuit supplying the injected voltage. If 
this transferred impedance altered the net resistance 
of the primary circuit, then the Z control would be 
set wrongly. But no errors arise here, because as 
the Z control approaches the correct setting, the net 
resistance of the primary circuit approaches zero, 
and the resistive component of the transferred imped- 
ance paralleling this zero resistance does not alter the 
total. This was verified experimentally. Various 
taps of the transformer in the auxiliary injection 
circuit were tried, and various loads connected across 
the frame between points 8 and 9 of figure 7. In 
all cases, the setting of the Z control was unaffected. 
That this setting also yielded correct core-loss 
measurements is further proof that no significant 
error arose from this source. 

When the distortion introduced by the main power 
amplifier was less than about 0.1 percent, the 
injected-voltage method of setting the Z control 
agreed with the method using the iron-produced 
harmonics as described previously. Both methods 
were used to obtain the data reported herein. 

To obtain the power loss in the iron, the value of 
R,, which is the apparent increase in the resistance 
of the frame, is required. Unavoidably, however, 
the ohmic resistance of the primary winding of the 
test frame, Ry, is included in the measured arm of 
the bridge. Two methods are available to separate 
these two components of resistance. R, can be 
determined independently and subtracted from the 
value obtained from the bridge measurement. 
Alternatively, the ohmic resistance can be compen- 
sated by an auxiliary component in parallel with the 
balancing arm of the bridge, as devised by Dieterly 
and Ward [11]. The two methods give identical 
results, and both were used successfully during the 
course of this investigation. 

The complete circuit is shown in figure 8. Selector 
switches are shown in proper position for balancing 
the bridge. 


3.3. Specimens 


Each specimen weighed approximately 500 g and 
consisted of strips 3 em wide and 28 em or 30.5 em 
long. Five grades of nonoriented silicon sheets and 
one grade of oriented-grain material Were used for 
these tests. 

3.4. Measurements 


With harmonic power losses fully compensated by 
means of the feedback circuit, the power loss in the 


iron is simply 
P : Ti Rg. 


Thus, there are but two quantities to measure, J; 
and Ry. 
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Before these measurements can be made, however, 
the Z control must be set accurately. Therefore, 
the procedure described in the next paragraph was 
follow ed, 

The resistor, R’/, (see fig’. S) was adjusted + te 
match R,. RJ, if used, was set to compensate * for 
R,. The specimen was then inserted in the frame, 
and a signal applied to the secondary winding of the 
frame (Sw 2 in position a, Sw 3 in position b), with 
no input to the main amplifier. The detector, tuned 
to the injected-signal frequency, was connected to 
points 3 and 6 of figure 8 (Sw 1 in position ¢). The 
Z control was adjusted to yield a minimum deflec- 
tion of the detector. The detector was then switched 
to the main bridge (Sw 1 in position b), and the 
secondary of the test frame connected to the watt- 
meter and voltmeters (Sw 2 in position b). A volt- 
age was applied through the main amplifier, and the 
main bridge balanced by means of R, and C,. The 
polar potentiometer was then used (Sw 3 in posi- 
tion a, Sw 1 in position a) to measure the voltage at 
fundamental frequency appearing across R,. The 
rms voltmeter connected to the secondary of the 
test frame was read, in order to be able to determine 
the form factor of the voltage waveform. A read- 
ing from the average-indicating voltmeter, used to 
determine the form factor and flux density, and a 
reading from the reference wattmeter (with FR, dis- 
connected) completed the measurements. 

It was found that the highest current used in this investigation, 2 amp, 
caused the windings to rise 10° C, causing a change in resistance large to 
neglect. Therefore, a chart was prepared to indicate the setting of a fine con 
trol on R’), corresponding to the temperature of R,, read from a thermometer 
held in close contact to R A better method might be to incorporate another 


winding on the test frame to be used as a resistance thermometer in a very-low 
current d-c bridge circuit 


too 


A similar chart was prepared to determine the setting of RF! as a function of 
temperature 

Dieterly and Ward [11] showed that if FR. (fig. 8) is made equal to R,R-/R,, 
then Ra=R.R-/R»y. This procedure obviates the necessity of subtracting PR 
from each resistance measurement made, for if AR, is not used, then Rg 
(R,R/R».)-—R 





4. Results 


The results of a series of measurements are given 
in table 1. Each determination of core loss by the 
compensated-bridge method is accompanied by the 
reference value from the wattmeter method. The 
last column gives the difference between the two 
methods. It will be noted that the greatest differ- 
ence is 2.5 percent, and that only 6 of the 46 pairs 
differ by as much as 1.0 percent. 

These same results are given in graphic form in 
figure 9, where it is evident that excellent agreement 
is obtained. 
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FIGURE 9 Comparison of powe r-loss measurements made with 


compensated bridge and wattmeter, at 70 eps 


No corrections were made for instrument loss or form factor errors, which are 
identical for the two methods 
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Figure 10 shows the magnitude of the contribu- 
tion of the compensation method. For comparison, 
a series of measurements was made with the circuit 
unchanged, except that no feedback for compensa- 
tion was used. The uncorrected, or apparent, core 
loss, 1?Ry, is shown as the upper curve, diverging 
more and more (as flux density is increased) from 
the true core loss, shown as the lower curve. As 
pointed out in a previous paper [2], the uncorrected 
bridge gives results that may be as much as several 
hundred percent too high. 

The power-loss data are not corrected for losses 
in the measuring instruments (the wattmeter po- 
tential coil and the flux voltmeter), or for the errors 
caused by the departure of the flux waveform from 
a true sinusoid. 
the two methods, and thus do not affect the validity 
of the comparison. 


Comparison of power loss measured by compensated 


TABLE l. 
bridge and wattmeter, at 70 cps 
were made for instrument loss or form factor errors. These are 


No corrections 
the two methods, and do not affect the validity of the compar- 


dentical for 
son 


Power loss 


(rage E flective 
Specimen weight B A 
Bridge Watt- 
meter 
Kilo 

CAUSES wilb u lt ( 
0. US 0. 449 0. 452 0.7 
| 10. 98 540 538 +-.4 
12.00 (42 t4l +.2 
12. 09 749 749 0 
Oriented 14.01 S75 S74 +. 1 
ra mn” 0. 849 15.00 1.018 1. 020 2 
} 15. $8 1. 203 1.1% + 5 
| 17.02 1. 425 1. 435 7 

17. 96 1. (43 1. 685 2 
Is. 09 1. SSS 1. Y2o 1.9 
20. 12 2. 128 2. 140 0.6 

Nor ented 

10.01 0.714 0.715 0.1 
11.00 SO! SHS 8 
: ” a ona 12.02 1.042 1.049 7 
MI . 12. 95 1. 258 1. 271 Lo 
| 13. 99 1. 543 1. 539 +0. 3 
15. 38 1. ORS 1. 973 +8 
OO 0. 866 0. SHU O38 
11.00 1. 060 1. 060 0 
} 12. 02 1. 203 1.204 l 
MI-149 4 0.744 13. 00 1. 553 1. 500 4 
| 14.01 1. 835 1. 848 7 
15. 02 2. 004 2. 006 l 
15. 83 2. 209 2. 257 +1.9 
10.00 1. 127 1. 124 +0.3 
11.00 1. 337 1. 340 -.2 
12.00 1. 578 1. 581 2 
M-22 2t (). SSF 13.00 1 856 1. 849 +4 
| 14.03 2.024 2. 067 2.1 
14.05 2. 332 2. 330 +0). 1 
16. 21 2. 653 2. 622 +1.2 
f 10. 00 1. 544 1. 544 0.0 
| 11.01 1. 854 1. S47 +.4 
12. 01 2. 147 2. 148 0 
\I-36 Pan} 0.877 13. 02 2. 572 2. S5R - 5 
| 14.03 3.051 3. 055 -.1 
15. 10 3. 731 3.75 5 
16. 19 4.720 4.70 +.4 
9. OS 2.179 2.171 +0. 4 
11.02 2. 674 2. 658 +. 6 
11. 99 3. 183 3. 181 +1 
e on 13. 03 3.774 3.775 0 
M-#3 a 7 14.04 4. 442 4. 455 ~ 2 
15. 03 5. 194 5. 194 0 
16.04 6.049 6. 065 -.3 
16. &8 6. 747 6. 69 +.9 


These corrections are identical for 
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FIGURE 10. Apparent power loss as measured by uncom- 


pensated bridge compared to actual core loss, at 70 cps. 


5. Summary and Conclusions 


In order to obtain accurate measurements of core 
loss by the bridge method, the harmonic power dis- 
sipated in the resistive elements of the entire circuit 
must be taken into account. If each harmonic 
component must be measured and computed sepa- 
rately, the procedure becomes inconvenient and 
time consuming. A compensation method, using 
an electronic power amplifier with ‘current’’ feed- 
back, has been devised and found to be sufficiently 
accurate. 

The principal difficulty encountered was the 
finding of a method of adjusting the feedback to 
just the correct amount to effect complete compen- 
sation, but not under- or overcompensation. ‘This 
problem was solved, and the method was successfully 
developed to yield results that differ from those 
obtained from the wattmeter by not more than 2.5 
percent in the worst cases, with most measurements 
agreeing to 1 percent or better. 

It is estimated that the determination of the 
fundamental-frequency current is accurate to +0.2 
percent. The variation of the output voltage of 
the power source was the limiting factor in the pre- 
cision of balance of the bridge. The nonlinearity 
of the test frame with ferromagnetic core causes 
the balance parameters to be strongly dependent on 
the impressed voltage. At highest flux densities, 
the precision of balance is estimated to be about 0.5 
percent for the equipment used. 

The aecuracy limitations are seen to be associated 
with the equipment employed and not inherent in 
the method. Therefore, further refinement of the 
power source, including the current feedback circuit 
for the Z control, and of the method of measuring 
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the fundamental-frequency current would result in 
more precise and more accurate measurements. 

It is concluded that the use of feedback as 
described in this paper makes the bridge method 
capable of. producing accurate results with a reason- 
able degree of convenience, even at high flux densi- 
ties, where distortion in the exciting current would 
cause very large errors if not taken into account. 

The method was developed by using materials, 
specimen sizes, and frequencies that were easy to 
check with the wattmeter method, but its greatest 
usefulness will probably be in those ranges where the 
wattmeter is unsuitable. 


WASHINGTON, November 29, 1957. 
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1, 31 
The behavior of an infinitely long flexible filament after transverse impact is treated 
ineari- theoretically. The filament is assumed to have a tension-strain curve that is always con- 
1937 cave downward, and to have no short-time creep or stress-relaxation effects. Under most 
Proe conditions the impact initiates a variable strain that propagates down the filament between 
an “elastic wave’’ front and a “plastic wave’’ front. A transverse wave, shaped like an 
Elee.} inverted V, then travels in the constant-strain region behind the plastic-wave front. Under 
1945 special conditions the transverse-wave front may propagate faster than the plastic-wave 
front, but the shape of the transverse wave remains the same. The theory for both cases is 
iplifier worked out in detail, and some illustrative examples are given. 
1945 
Craw. . 
1955) 1. Introduction 
New 


The behavior of textile varns held in clamps 40 to 60 cm apart and impacted transversely 
Rnd was demonstrated and discussed in the fourth paper of this series |1, 2, 3, 4].!. The present 
_— paper deals with the theory of transverse-wave propagation in yarns of infinite length where 
there are no clamps to reflect the waves. The theory developed here will be used in future dis- 
cussions of transverse impact. 

When a yarn is struck transversely, a strain wave is propagated along the yarn outward 
in each direction from the point of impact. In the region between each of these wave fronts, 
material of the yarn is set into motion longitudinally toward the point of impact. This ma- 
terial is taken up by a tent-shaped wave of transverse motion that propagates outward from the 
impact point. This behavior is demonstrated in figure 1, in which several configurations of a 
yarn after transverse impact are shown. The position of the longitudinal-strain wave in each 
of the configurations is shown by the arrows. The backward flow of varn material is indicated 


by the white tick marks. 


FIGURE 1. Configurations of a yarn after transverse impact. 


These configurations, 40X10 ® see apart, were calculated for a yarn having a 
linear (Hooke’s law) tension-strain curve. Longitudfnal-strain wave velocity 
was 2,500 m/sec. The positions of the longitudinal-wave front in successive con- 
figurations, are designated by the arrows. Impact occurred at the vertex of the 
transverse wave shown at the left, at impact velocity of 180 m/sec. The leading 
edge of the transverse wave propagates with velocity 350 m/sec with respect to 
the unstrained yarn material. Inward flow of yarn material at velocity 50 m/sec 
is shown by the white tick marks. There is no horizontal component of flow in the 
region of the transverse wave 








The configurations shown in figure 1 were calculated for a yarn composed of a Hookean 
material, using relations developed in this paper. The longitudinal strain-wave velocity was 
2,500 m/sec. Transverse-impact velocity was 180 m/sec, Under these conditions a 2-percent 
strain is produced in the wake of the longitudinal-wave front, and yarn material in the region 
between longitudinal- and transverse-wave fronts flows inward at a velocity of 50 m/sec. In 
the wake of the transverse-wave front, which propagates at a velocity of 350 m/sec, the yarn 
material flows transversely at the impact velocity as shown. The time interval between each 
configuration is 40 10~° see. 

Transverse waves of the type just described have been discussed by Taylor and his associ- 
ates [5]. Cole, Dougherty, and Huth [6] have treated the problem of transverse-wave propaga- 
tion in prestressed wires. Craggs [7] and McCrackin [8] have also discussed the problem for 


Figures in brackets indicate the literature references at the end of this paper 
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plastic-elastic strings, showing the effect of wave reflections and interactions. The problem 
of oblique impact of an elastic cable has been discussed recently by Ringleb [9]. The treat- 
ment presented here extends the work of these authors and makes use of concepts introduced 
by von Karman [10] and Taylor {11} in their treatments of longitudinal impact. 


2. Theory of Longitudinal Impact 


Longitudinal-strain waves resulting from a constant-velocity tensile impact do not neces- 
sarily have sharp wave fronts. According to von Karman, the strain increases gradually in 
the region between two wave fronts, an “elastic wave’ front ? propagating at velocity 


11/dT 
C.=C(0) Vata). (1) 


and a “plastic wave’’ front ? propagating more slowly at velocity 


mn 1 (dT , 
C=C) = ah ae ), a 6) 
In eq (1) and (2), J is the mass per unit length of the unstrained filament material, and d7/de 
is the slope of the tension-strain curve, evaluated at zero strain in eq (1) and at strain e, in 
eq (2). In the wake of the plastic-wave front the strain in the filament has the constant 
value «,. The value of ¢, depends upon the speed at which the filament is impacted longi- 
tudinally. 

The filament material in the wake of the plastic-wave front flows in the impact direction 
at a velocity uniform along the filament given by 


, "'& l dT *e, : : 
iW =| \ ay de Jide |. ( (elde. (2) 


For a filament impacted longitudinally at one end, W is the same as the impact velocity. 

In deriving the above equations, von Karman assumed a tension-strain curve that was 
always concave downward. Tension-strain curves for textile yarns often have a concave up- 
ward portion which, however, is less pronounced in curves obtained at rapid testing rates. In 
addition, textile varns exhibit creep and stress-relaxation phenomena. Such phenomena were 
not considered by von Karman. Despite this, von Karman’s treatment represents a notable 
advance over theories based on Hookean tension-strain behavior. 


3. Theory of Transverse Impact 


In the laboratory or observer's coordinate system, let 2’ and y’ denote the horizontal and 
vertical coordinates, respectively. Let a filament lying along the 2’ axis be impacted with 
velocity V in the y’ direction at the point where z’=0. The motion of the filament is to be 
described in terms of Lagrangian coordinates. That is, distances along the unstrained length 
of the filament are given in an zs coordinate system, which before impact coincides with the 
x’ coordinates. The displacement of any point z of the filament at any time ¢ relative to its 
original position is given by &(z,t) for horizontal displacements and n(z,t) for vertical displace- 
ments. The location in the laboratory coordinate system of a point z on the filament is thus 
given by 


, 


r=r+é(z,t), (4a) 


y’ =n(2,t). (4b) 


2 The terms “‘elastic’’ and “‘plastic’’ are used as convenient designations for the wave fronts bounding the region of variable strain. They are 
not intended to characterize the complex recovery behavior of the material. For example, the theory holds for materials having nonlinear tension- 
strain curves, but which recover almost completely from large deformations. For these materials, the strain associated with the plastic wave is 
almost entirely elastic 
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Consider an element of the filament of unstrained length Az. After impact, this element is 
strained, and its new length, measured in the laboratory coordinate system, becomes 
Ary [1+ (0&/Oxr)]?+-(On/Oxr)?. The increase in length per unit length, or strain ¢, is thus 


— (4 Ya (22¥_ 
‘ y( " =) +{5*) “, (5) 
The angle @ that the element makes with the horizontal is given by 


On 


sin 0= , : ae (6a) 

cos = . (i | “ . (6b) 
The differential equations that govern the motion of the small element are 

Mo" = 2 (sin 6), (7a) 

Met © (Tos 6), (7b) 


where .!/ is the mass per unit length of the unstrained filament, and_T' is the tension. By making 
use of (6a) and (6b), these equations become 


o*n O T Om 
of? sel ATG te) =f (8a) 


oF O T ot 
of” deLMG 5( x) } (8b) 


\ 


Assume, as von Karman did, that the tension 7’ is a function 7(e) of the strain only, given 
by the tension-strain curve. For solutions in which the strain, and consequently the tension, 
are constant along the filament, eq (8a) and (8b) reduce to 


On T On 

of = M(1+6 dz” (9a) 
2 ‘yy 2 

a one (9b) 


on Mi b ¢) Ox?” 


~ and » must also satisfy eq (5). 
For other solutions in which 7=0 (no transverse wave), eq (8a), (8b), and (5) reduce to 


n=0, (10a) 
Ort 107 
dt? Modz’ (10b) 
of 
ay (10e) 


This is the case considered by von Karman, and to which his solution, eq (1), (2), and (3), is 
applicable. 

A combination of solutions for the preceding special cases gives the solution to the problem 
in which a long filament initially at rest along an axis in the z’ direction is impacted transversely 
at s=0 with velocity V. The boundary conditions that must be satisfied for the z>0 half of 
the filament are £=0 and n= Vt at z=0, and £=n=0 at r=. 
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4. A Simple Solution Usually Applicable 


Immediately after impact a train of longitudinal-strain waves propagates outward along 
the filament. The leading wavelet in the train, or elastic wave, propagates at velocity C, given 
by eq (1). At points in advance of the elastic wave the filament is unstrained. he elastic 
wave is succeeded by a series of other more slowly propagating wavelets, each wavelet adding 
an increment to the strain in the filament. In the wake of each wavelet, material of the fila- 
ment flows inward toward the point of impact at a velocity that increases as each wavelet 
passes. The velocity of each wavelet is proportional to the square root of the slope of the 
tension-strain curve, hence in order that the wavelets do not overtake each other, the slope 
of the tension-strain curve must decrease as ¢€ increases (be concave downward). The final 
wavelet in the train, or plastic wave, propagates with velocity C, given by eq (2). The strain 
in the wake of the plastic-wave front has the constant value ¢,. Filament material in the wake 
of the plastic-wave front flows inward at the constant velocity W given by eq (3). 

For the simple solution discussed here, transverse-wave motion of the filament occurs only 
in the wake of the plastic-wave front. The transverse wave thus propagates with velocity U’, 
which is less than C,. For the region in advance of the point Ut on the filament, where only 
longitudinal-strain waves occur, von Karman’s solution [10] is applicable. This solution, 
satisfying the differential eq (10) and the boundary conditions §=—W? at r—U't and &=0 
at r= o, may be written as Ble 


For the region C1<2< @, 
&=n=—e=0. (11) 

For the region C,t<2<CyJ, 
n—0. (12a) 
To find the amount of motion in the & direction, consider a wavelet, which increases the 
strain in the filament by an increment de. This wavelet propagates at velocity C(e) and arrives 
at point z at time t=z/C(e). The inward velocity of material flow is increased by an amount 
—((e)de during time t—2z/C(e). The distance £ that point z moves inward is the integrated 
product of the velocity and time after arrival for each wavelet passing through the point z, or 


fecal t- = | a —We)t+er, (12b) 
0 ( (a) 


where 
; 11 (dT 9." 
C'(a) Var ie ), (12c) 
We) | C(a(da), (12d) 


and @ is a variable designating strains along the filament in advance of the point where the 
strain is e. 

During the time interval between the arrivals of the elastic and plastic waves at point 2, 
the strain is found as a function of z and t by solving the following equation for e: 


C(e)—z/t. (12e) 
For the region Ut<2<C,f, 
n=, (13a) 
€,, . Jd , 
£ od he (@)| 1 Ci) | Wt- €pf, (13b) 
€—€,—a constant, (13c) 


In order to describe the motion in the transverse-wave region (0 <2 <U 7) it is necessary to 
find solutions of eq (9a), (9b), and (5), which satisfy the appropriate boundary conditions. 
The most general solution of (9a) has the form »=f+g+ At+ Br+-K, where f and g are non- 
linear functions of the variables t—z/y 7/M(1+-e) and t+-2/¥ 7/M(1+-6), respectively. Applying 
the boundary condition that 7=Vt at r=0 gives Vt=—f(0,t)+-9(0,t)+-At+A. In order that 
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this relation be satisfied, it is necessary that A=0 and g(0,t)=—/(0,t). Therefore, f and g 
must be the same function except for sign, and 


n=f(t—2/¥ T/M(1+6))—f(t+-2/VT/M(1+.6))+ Vt4+ Be. 


The condition that »=0 at z=Ut can only be satisfied if f=0 and B=—V/U. Thus 
n=V(t—2/l). For this value of n and for a constant value of e, the most general solution of eq (5) 


becomes £=al¥(1+e)?—(V/U2—1]+A()+K. The condition —=0 at z=0 requires that 
h(t)+ K=—0. The solution for € just obtained is also a solution of eq (9b); thus: For the region 
0 <r<lt, 


n= Vi(t—z/U), (14a) 
tal V(+e)?—(V/U) 1], 14b) 
€=e—=a constant. (14¢) 


The behavior of the negative half of the filament is the same as that just described except 
for the direction of wave propagation. 

The configuration of the positive half of the filament at time ¢ after impact is shown in 
figure 2 by the line passing through the points A, B, P?, Y. Filament material in the transverse- 
wave region 0 <2 < Ut, moves in the y’ direction because 0£/0t=0 in this region. Thus points 
A, B, P moving with velocity V, arrive at positions A*, B*, P* at the timet+-dt. The transverse- 
wave front moves with velocity U relative to points on the unstrained filament. The horizontal 
component of the velocity relative to the 2’, y’ coordinate system therefore is U(1+«)cos @, 
and the wave front at point P advances a distance Udt(1+«)cos @ to point Q* in a time dz. 
Filament material in advance of the transverse-wave front is moving inward with velocity W, 
so that in time dt point Q moves a distance — Wd? to its new position Q*. 


Figure 2. Configuration of positive half of filament t seconds 
afler impact. 


Filament originally lay along the 2’ axis and was struck with velocity V in the 
y’ direction. After tseconds the positive half of the filament has the configuration 
1 BPQ, after t+dt seconds the configuration A* B* P* Q*. The filament is assumed 
to have strain e and tension 7; in the transverse-wave region ABP—A* B*Q*, 
and strain e, and tension 7’, in the region in advance of the transverse wave, (It 
is proved in the text that in most cases «=<», T:=7'p.) ‘ Filament material in the 
transverse wave moves vertically with velocity V; material in advance of the 
transverse wave moves inward horizontally with velocity W. The transverse- 
wave front moves with velocity U relative to points on the unstrained filament 








Tpl€p 
— but the horizontal component of its velocity relative to the z’, y’ coordinate system 
is U(.1+e) cos @. The point Q on the filament moves inward to position Q*, the 
. location of the transverse-wave front at time t+d?. 
‘“ = Q 
»> - 
— + —— ‘ —e wool 
tlli+eé y 
= 


The angle @ that the transverse wave makes with the horizontal is constant along the 
filament because 0£/0z and 0n/dz are constant in the region 0<2< Ut. The transverse wave is 
therefore a straight line. @is given by either of the relations 


, 


\ o.) 
s 6=— >) 15a 
in | Leal 4 t 


] V 1Sb 


cos 6= 5 ret 1+ e)*—( 5 


found by substituting the solutions (14) into the relations (6). 
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At the point z= Ut where solutions (13) and (14) join, —€ and » must be continuous. Con- 
tinuity of 7 is satisfied because »=0 for both solutions. Continuity of & requires that 


U[_V+e)?—(V/U)?—1]=e,U—W. (16) 


Horizontal and vertical components of the ferce must also be continuous. Equating the 
horizontal components gives 

- a T, aT " 

T,—MI W=T), cos d=; v¥(1+ e)?—(V/U)?. (17) 


+ € 


MU is the element of mass over which the transverse-wave front passes in unit time, so MUW 
is a force equal to the change of longitudinal momentum per unit time. 
Equating the vertical components gives 


MUV T, sin 0= ls -* (18) 


l+-e 


The velocity of propagation of the transverse wave U is found from eq (18) to be 


j ‘yy 
T, 


UV Mate) (19) 


By appropriate manipulation of eq (16), (17), and (18) it is possible to obtain the relation 


oe (20) 


ité, I-+és 


The meaning of this relationship is illustrated in figure 3, where a typical tension-strain curve is 























FiGuRE 3. Tension-strain curve whose slope decreases to a value 
less than T/(1+ 6). 


plotted. The long line extending from the point —1 on the strain axis up to and through any 
point ¢,7’ on the tension-strain curve has the slope 7/(1+¢). The only values of 7 and e 
satisfying eq (20) must be given by intersections of this line with the tension-strain curve. 
In most cases of practical interest only one intersection exists, and the relation (20) can then 
be satisfied by 


€p— &, (21a) 
Ty (€>) = T2(e). (21b) 


Suppose, however, that the tension-strain curve bends over as shown in figure 3 until its 
slope for large values of ¢ diminishes to or becomes less than 7/(1+«). A second intersection 
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is possible and two sets of e,7’ values would be obtained satisfying (20). If a material having 
such a tension-strain curve were impacted transversely at low speeds, small values of ¢€ and T in 
the wake of the plastic-wave front would be obtained. The slope of the tension-strain curve 
for these low values of ¢ is greater than 7'/(1+-), so the plastic-wave front would travel faster 
than y 7',/\/(1+e,), the velocity U of the transverse-wave front. At a higher impact velocity 
a strain ¢, is obtained at which the slope of the tension-strain curve is just equal to 7;/(1+«). 
In this special case the plastic-wave front and the transverse-wave front are at the same position 
and move together at the same velocity. If the material is impacted at a higher velocity than 
this, the solution just given no longer applies. Thus a criterion for the applicability of the 
simple solution is 

~~ 

de 2 | te (22) 
That is, the solution applies if the slope of the tension-strain curve for the material is not less 
than 7/(1-+-e) for all strains less than the maximum strain ¢e,, obtained as a result of the impact. 
Within this restriction the relations (21) can be used to obtain the results given in the following 
section. A more general solution, which includes the simple solution as a special case, is given 
later in the text. 


5. Recapitulation of the Simple Solution 


If the tension-strain curve for the filament material obtained at rapid strain rates is always 
concave downward, if the material does not exhibit large stress relaxation or creep effects 
during a small time interval, and if the conditions of the impact are such that relation (22) 
applies, the behavior of a flexible filament after transverse impact is described as follows: 

Immediately after transverse impact, longitudinal-strain wavelets propagate outward 
along the filament. The outermost wavelet, called the elastic wave by von Karman, propagates 
at velocity 


‘1 =) 
0 : 
: Via e=0 (1) 
The innermost, called the plastic wave by von Karman, propagates at velocity 
/1 (dT ' 
C= Vulae ).. @) 


€=€ 
P 


In the region between the elastic- and the plastic-wave fronts the strain increases to ¢,, the 
maximum value obtained as a result of the impact. The strain remains constant at this value 
in the wake of the plastic-wave front. 

As the strain wavelets pass a given point on the filament, material of the filament flows 
inward toward the impact point at a velocity that increases to the value 


, fe /1dT ; 
W J, \ M da das (3) 


the flow velocity for material in the wake of the plastic-wave front. 

The material in the wake of the plastic-wave front forms itself into a transverse wave, 
shaped like a tent with the impact point at the vertex. The base of the tent spreads outward 
with velocity 

Gnudusaithe: 
V M(i+e,) 

It should be noted that the velocity U is with respect to,a Lagrangian coordinate system; 

i. e., a system fixed to the filament, moving and extending with it. Inasmuch as filament mate- 
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(23) 








rail in the wake of the plastic-wave front is in a strained state and moving, the velocity of the 
transverse-wave front along the filament as seen by an observer in the laboratory would be 
(1+e,)U—W. Similarly, the plastic-wave-front velocity in laboratory coordinates would be 
(1+.¢,)C,—W. The elastic-wave front propagates in an unstrained motionless medium and 
so would have the same velocity in both coordinate systems. 

Material in the transverse-wave tent does not move in the horizontal direction but only 
in the direction of the transverse impact. The velocity V of this motion can be expressed in 
terms of e,, U’, and W by rearranging (16) to obtain 


V= 7 (1+e,)?U?—[(1-4 e,)U—WF. (24) 


If the tension-strain curve for the material is known, it is possible to calculate tables of 
values for LU’, V, and W as functions of e,. Then, for instance, if the impact velocity is known, 
it is possible to find the resulting strain e, and thus find the corresponding values of U’ and W. 


6. General Solution 


When the impact velocity is very great, the transverse-wave front in some cases pro- 
pagates more rapidly than the plastic-wave front. A solution is then required which provides 
for a variable strain in the transverse-wave region. 

Consider a tension-strain curve that is always concave downward and whose slope eventu- 
ally becomes less than 7;/(1+-«,), where «,, 7; is the point on the curve such that d7/de= T/(1+-e). 
Such a curve is shown in figure 4. In the region where ¢,<ce<e,, let this curve be approximated 
by a number of straight-line segments drawn between the points «,7); &,72; . . . €,7>. 
Point ¢,,7, represents the maximum strain and tension which are attained in the material 


as the result of an impact. 
For this approximate tension-strain curve, consider a solution such as that depicted in 


figure 5, in which the transverse wave is composed of a number of straight-line segments. The 
wave front of the leading segment travels at speed U, and the strain in the segment is ¢. Wave 


fronts of succeeding segments travel at decreasing velocities (>, U3, . . . U,, and the sueces- 
sively increasing strains in these segments are &, 6, . . . €>. In the region in advance of the 


transverse wave von Karman’s solution applies. Thus: 


For the region C,t<r< @, 








TENSION 








€, € €; STRAIN € ’™ 


. mn . 
Figure 4. Tension-strain curve assumed in derivation of the 
general solution. 
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Figure 5. Shape of transverse wave assumed in derivation of 
the general solution. 


For the region (\t<2<C,t, 
No 0, (26a) 


£o -W(e)t+ ex. (26b) 


In the region of the transverse wave the vertical displacement 7, in the nth segment will 
have a general solution of the form ,=/,(t—2/¥7T/M(-4 €n)) +9n(t-4 a/¥T/M(+e,)) + 
y,(t—az/L’,)+A,t+K,. The boundary conditions to be satisfied are 7,—Vt at z=0, m2= 1-1 
at r=L’,t and »,=0 at z=U;,t. These boundary conditions require that the K,—0 and that 
fn=9n=9, and provide relations for evaluating the constants v, and A,. , thus can be ex- 
pressed in the form ,—v,(t—a/U,)+A,t, which when substituted into (5), gives as a general 
solution for £,, &,—arlV¥(1+e,)?—(e,/U,)?—1]+h,()+K,. £&, is a solution of (9b) only when 


h(t) is a linear function of ¢t. Thus &, can conveniently be expressed as &,=—w,(t—z/U,)+ 
B,t+K,, where w,/U,=7(1+e,)?—(v,/U,)?—1. The boundary conditions to be satisfied 
are ¢£,=—0 at r=0, &,=£,-, at z=U,ft, and &, Wit+eU\t at z=U;t. These conditions 


require that the A,,=0, and provide relations for evaluating the constants w, and B,. 
The solution for the transverse-wave region thus can be written; 
For the interval (.t<2< Ut, 


m=v,(t—r/U,), (27a) 
t= —w,(t—2/U,) —Wit+eU it, (3M) 
w,/U = (1+e)?—(e,/U;)*—-1, (27¢) 
e=€, (27d) 
"" Wii a “y (ae) - ate) 
W,= a. Vip (27f) 
For the interval Uf <2< Ut, 
n=02(t—2/U2)—t [4,(1-UU)], (28a) 
f= —w, (t—2/U,) —t [w, 1—-U U1) +W,— eV 1), (28b) 
w,/U.=y (1+ &)?—(v/U2)?—1, (28c) 
=. (28d) 
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For any interval U",,,¢<2<U’,f, 


k=n—1 
Nn v,(t- z/U,) +-f > > m(1—U xs,/U>), (29a) 
k=1 
4 k=n—1 - ' 4 : 
E, Ww, (7 7 l , ) t | > > Wy ( ] l k+1 l i > VW 1” e,l ‘} (29b) 
k=] 
w,,/l Vv (1+ ¢,)?—(v,/U,)?—1, (29¢) 
ee (29d) 
For the interval O<2<U’,f, 
: k=p—l1 . _ : 
np=v,(t—2z/U,)+t Sd) mo l—Urs /Ud» (30a) 
k=1 
. k=p I * , a , 
&,=— w,(t- ril oJ | p > w(i—U,. /U+Wi—el ‘| (30b) 
k=1 
w,/l p=v (1+ €,)?—(e U .)* l (300) 
€= Ep. (30d) 


A point some distance down the filament thus is motionless until the elastic-wave front 
reaches it. Subsequently the strain at that point increases, and the point moves inward 
horizontally at increasing velocity until the tip of the transverse wave reaches it. The strain 
is then ¢, and the inward velocity W). As the first segment of the transverse wave passes through 
the point the trajectory of the point turns upward in a direction inclined to the vertical. As 
subsequent elements of higher strain pass through the point the trajectory becomes less 
inclined, until at strain ¢, the direction of travel is vertical, parallel to the impact direction. 

The motion of filament material remains vertical in the region 0<2<U’,f. There is no 
horizontal motion of material in this region because of the boundary-condition requirement 
at r=0 that &,=0. In the region of the strained segments ¢,<e<e,, some flow of material 
takes place along the horizontal direction. It is this flow that causes the trajectory of a fila- 
ment point to be inclined from the vertical. The vertical and horizontal components of velocity 
of a filament point in this region are given by the coefficients of t in eq (29a) and (29b). 

Although for generality each of the strained segments e, shown in figure 5 has been assumed 
to have a different angle 6, of inclination to the horizontal, it will be proved that the angles @, 
are all equal and that the configuration of the transverse wave is a straight line. 

The displacements £,, 7,, and the horizontal and vertical components of the tension are 
required to be continuous at each of the pointsz=Ut,. . .U,f,. . Ut. At the point z=7 4, 
£, and , are continuous by definition, and continuity of the horizontal and vertical tension 
components leads to eq (27d) and (27e). Atzv=U’,t and at r=U’,t, £, and n, are continuous by 
definition. Equating horizontal tension components gives 


A \2 U, 2 : ; k n—l a 
1+ « \ (1+ e,) —( 5 )—MI J w+ 24 w,( 1— U, )tui—el | 


n 


T,, . . Vp 2 7 k n~—2 ‘ Ups ' 
~ wr AN (1 ~ 6n —-( FF ©) ML { w, i+ th w,( i— U, )+wi-el ‘} 


or with the help of eq (29c) 
E 7*—MU? |,/(1+¢)*—( y-[ a1 MU? Wi (+e-d—(f=)- (a1) 
1+, ‘ty ‘ U, 1+ €n—1 ‘t\ 1 
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Equating vertical tension components gives 


T. » k=n-1 ly T os = wo 
~ ome , 5° ’ k+1 2 n—1 n—1 —_ ss om 
i MUL Se) ee He MeL BE -)] 


T, 72 Un A 1 r2 Un 1 29 
E Ml |i E = — Ml le . (32) 


Manipulation of eq (31) and (32) gives the relation 


| l, —Mv; | ( ! a=[ Pa —MU; | ae (33) 
l T €n l T €n—1 


Ll (1,—7 9-1) 


or 


which reduces to 


U,= - . (34) 
\ M (€n— En 1) 
Equation (34) also holds when n=p. Dividing (32) by (33) gives a simple relationhip 
Un Vn-1 - 
—_ = - . 35) 
(it+e,)U, (1+e,-)U.-) ( 
This relationship also holds when n=p. Using (6a), eq (35) becomes 
Up Up sin 6 (36) 
— = _- =>—s - ov 
(1-4 e, dt » (1-4 e,)l y , 
Applying (36) to (30c), (29b), and (29c), and using (6b), gives the relation 
l w l w l v» \? , 
TB Bees )= ( 1+ -) (1+ e,)? ( P ) =cos 6,,. (37) 
i+ €¢, ( i. iT He l+e, \ l p 


At r=0 the boundary conditions 7,=Vt and &—0 must be satisfied. The first of these 
conditions gives 


. k=p~l », , . Ve k=p~l ‘ , 
| Oy-1 p ~ (U’,—U;,_,) Vet —_ > > (1+-«)(U,—U a,) 
k=1 (1 T e,)l p k=l 


(1 


vr, k = = ~ , 70 
= F = | > if ka 1 ( €& oo €) T (1 T el | (38) 
T e, dl p k 


By the use of (38), eq (36) can be expressed as 


r V . 
———— -=—sin 6,, 39 
(it-eJU, 24+(1+e)U; - (39) 
where is an abbreviation for 
k= p l 
= > ea (Gear €&), (40) 
t=1 


Similarly, eq (37) becomes 


1 Ww . 
az (+z) \! lex tT | cos ¢,. (41) 


Equation (39) is equivalent to a statement that each sin @, has the same value given by 
sin 0,=—-=— v -=sin @- (42) 
p> T (1 T el 1 
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Similarly, eq (41) states that each cos @, has the same value given by 


9 fe V | 6 
cos 6,= —| — —==> | =COSs 6. 
V T+ (i+e)U; ‘ 


The configuration of the transverse wave, therefore, is a straight line. 


The boundary condition &,—0 requires that 
Ss Ursr , : 
Wet Dd) wif 1—F5* )+ Wiel =0. 
k k 
It can be shown that 


k=p—1 Ty] . y k=p—1 7 : 
wWp+ >) w( 1— rf) - (+p Se Costes e)+(U+el He 
. k T €p pP 


t=1 =i 
[>+-(1+¢)U,] cos a—U, 
y¥(= T (1 T «JU, \? U,, 
so that eq (44) can be put into the form 


viz+U+e)U,P—-[+e)U,—W,]* 


(44) 


(45) 


(46) 


Equations (46) and (42) can be combined to obtain two different expressions for sin @ and cos 6 


sin @=— yi-| SS e)U, —W, 
te )U, 


(1 | el 1 W, 
2=+(1-4 el, 


cos 6= 


Equations (31) through (48) can now be used to modify the solutions given earlier. 


(30a) and (30b) become 


- ; ik —— Uns Vv, 
"p= {5+ 2 rf l— (i) be-pe 
_ =»  U+e)z 
vf shitter } 
k=p—l Us. ‘ a Ws 
= —{ w+ 2 w,( 1 tt -¢,l je t vu 


(i+e)U; 
= (1+ e,)cos 0 Va { 1-46) Fe e)U; | be 


and (29a) and (29b) become 


k=n~l , U es , 
Mn—t < Ve, YI 1—— + — "+r 
{ 2 el 1—T )\ ag 
one ; (1+ .6,)V 
{az Us 2 U Aenea) + (Felt }-s H(it+eUi 


k~n~l 7 ; 
. Do Urlegi—a) + (1+ 6 UV, 1+, 
=| f=1 t—|s de x 
+ +e)l;, aT ETN 


> 
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(47) 


(48) 


Thus 


(49a) 


(49b) 


(50a) 


k n l 
= -{{ p Uisile 41 — &) T (1 } «Us Joos é—[(1 T o)U.—M }t—(1-C + €,) cos O}x 
k=1 


k=n—1 


>+(14+ 6)U; 


—{1- (i4 «| Se raw lye (50b) 


The equations just given are for the case in which the tension-strain curve is approximated 
in the region e,<e<e, by a finite number of straight-line segments. The solution sought is 
the limit solution when the number of straight-line segments approaches infinity and the 
length of each segment approaches zero, This limit solution is given in the following section. 


7. Tabulation and Interpretation of the General Solution 


For the interval 0<2<T yf, 


tr _ Utre)zr . 
n -j {' S i ( j el “}o (51a) 
(1 T el f -W, = . 

¢= — + . ‘ 
’ {1 Ure | ‘s3 +e, |f" vei 
c= €,. (5le) 


For the interval U,t<2r<l yf, 


, S(€)-4 (1 t-¢,)l f al ] -€ 9 
7 I {| S t (1 T eu, ! E t (1 T ow} (52a) 
E [1 , JU, -W] {1-5 = + eee pe }ir-{i- ( +e F er |}. (52b) 


For the region U\t<2< © the solution is given by eq (25) and (26). The symbols used in the 
above equations have been defined previously, except for 


S= A oe da=W—W, (53) 
and 
, ~~ Jia , y = 
S(€)= i iv dat W(e)—W,. (54) 


The general solution given in this section differs from the simple solution given previously 
in that the strain in the transverse wave need not be constant. At low impact speeds the 
equations of the general solution reduce to those of the simple solution. The transverse wave 
then propagates in a region of constant strain in the wake of the plastic-wave front. How- 
ever, for a sufficiently high impact velocity and a tension-strain curve of the right shape, the 
case in which the transverse-wave front and the plastic-wave front coincide occurs. The 
velocity of propagation of these two wave fronts is U; and the maximum strain in the filament 
is ¢. If the tension-strain curve is known, the values of U, and « for this special case can be 
found from eq (27e). 
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At higher transverse impact-velocities the plastic-wave front propagates more slowly than 
the transverse-wave front. A region of variable straining therefore occurs in the transverse 
wave, and the general solution must be used. The shape of the transverse wave remains a 
straight line, but the propagation velocity no longer increases with increasing impact velocity. 
It remains constant at the value U,. The velocity of propagation of the maximum strained 
portion of the transverse wave U’, is the same as the plastic-wave velocity C, and is computed 
from eq (2). In order to find the value of the maximum strain, or constant strain e, in the wake 
of the plastic-wave front, the relation 


V v¥(S+ (1 +e) U',)?- [(1+e)U4 Wii (55) 


can be used. The value of S depends upon e,, so that if the tension-strain curve is known, the 
value of ¢, needed to give a required V can be found by a process of trial and error. 

At the transverse-wave front, material of the filament is flowing inward horizontally with 
velocity W;. At the point in the transverse wave where the strain attains its maximum value 
€>, material is flowing inward along the filament direction with velocity W. The quantity S 
represents the increase in velocity over W, due to the strain increase in the transverse-wave 
region. 

The motion of filament points in the wake of the plastic-wave front is most easily visualized 
as follows; Suppose there is a second filament, inextensible and fixed to the impacted filament 
at a point a great distance in advance of the elastic-wave front. Let the end of this filament 
coincide with the impact point. After impact let the filament be constrained to move alongside 
the impacted filament but without extending so that its end no longer coincides with the im- 
pact point, but recedes from it. To an observer at this filament end the impacted filament 
would appear to have motion with velocity W. 

Although flow of filament material in the wake of the plastic wave occurs, there is no 
horizontal component of the flow velocity. A horizontal component of the flow does occur 
in the region where the strain varies: i. e., where ¢,<e<e,. The magnitude of this velocity 
component is much smaller than W,, the horizontal flow velocity in advance of the transverse 
wave, and decreases to zero where € equals €,. 

At low impact speeds, where the simple theory applies, the angle that the transverse 
wave makes with the horizontal can be found from the equation 


(l+e,)U—W 
(1+e,)U 


cos 6 (56) 


As the impact velocity is increased, cos @ decreases to the value 


(1+ «)U,—W, 
cos 6, ; . 
(1- el l 

(@ is a negative angle and attains a greater negative value as the impact velocity is increased.) 
At higher impact speeds, where only the general theory applies, @ can be found from the 
relation 
(1 T e,)l 1- W, 
S T (1 T e)U;, 


cos 6 (57) 
The values of ¢«,, U';, and W, are constants, but S increases as the impact velocity is increased. 
Cos @ continues to decrease, and the value of @ becomes greater negatively. Thus, although 
the progagation velocity of the transverse wave is constant for all impact speeds above a certain 
value, the slope of the transverse wave continues to change. 

Figure 6, a, shows the configuration of the filament after a transverse impact of sufficiently 
slow speed that the simple theory applies. Figure 6, b, shows the configuration after a higher 
speed impact where only the general theory applies. As pointed out previously, the formula 
for LU’ expresses the transverse wave velocity relative to a Lagrangian coordinate system. 
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4 ." FicurReE 6. Configuration of filament t seconds after transverse 
tin &, S XB impact, 
N\. '%, vA \ 
- = yA a. Simple theory; b. Genera] theory. 
ee, vA * 
1} hee 4. } 
he [(1+€,)U-w)t 4 b re [lite,)U-w)t 


In laboratory coordinates the distance that the transverse wave travels along the filament in 
unit time is (1+-,)U’ for the simple theory, and S+ (1+ «,)U, for the general theory. The cor- 
responding distances that the wave front travels in the horizontal direction are (1+e«,)U—W 
and (1+-¢,)0,—W), respectively. These distances are labeled in figure 6, a and b. Thus it is 
seen how some of the relationships derived above could have been obtained very simply from 
a knowledge of geometry and an intuitive understanding of the problem. 


8. Examples of the Theory 


In order to illustrate the theory, the behavior of a filament after transverse impact is 
computed for two different hypothetical materials. The first material obeys Hooke’s law. 
Its tension-strain curve is given by 

Tr 


Mu Ce. (58) 


As this tension-strain curve is a straight line of constant slope, the simple theory applies. 
The elastic- and plastic-wave fronts both propagate with velocity C. U, V, and W are given 
by 


U=C.)/—2-, (59) 
\ l+€, 

V=Cye,(1+e,)—lve,(1+e,)—e,l?, (60) 

W=Ce,. (61) 


Curves of 17/C,V/C, and W/C as functions of ¢, for the Hookean material are plotted in figure 7. 
The solution of a transverse-impact problem may be found from these curves by reading off the 
values or e,, U/C, and W/C corresponding to a particular V/C. The value of C is determined 
from the Young’s modulus and density of the unstrained material. 

In order to illustrate a case in which the general theory applies, computations were made 
for a material whose tension-strain curve is given by * 


‘yy 


va 14 tanh 20e- (62) 


For this curve, plotted in figure 8, the units of 7')M are arbitrary, and the strain ¢ is expressed as 
a fraction of unity. The slope of the curve, initially 280 arbitrary units per unit strain, con- 
tinually decreases and approaches a value of zero for very large strains. The slope d(7'/M)/de 
and the quantity 7/M(1+.) become equal to 12.308 at a strain of 0.11221. When e is 0.20, 
the highest strain for which computations were made, the slope is 0.37547. In the region 
0<x<0.11221 the simple theory applies. In the region 0.11221<e<@ the general theory 
applies. 

The elastic-wave velocity is C,= y280=16.733 arbitrary velocity units. The plastic- 
wave velocity is given by 


C,= 


?"NVde 


3 The functional relationship (62) was chosen because tables were available that simplified the calculations. The numbers 14 and 20 have no 
significance, and were chosen only for convenience in plotting the curve. Other relationships involving more familiar functions could have been 
used ’such as, T/M=a+be— ya?+6%?, where a and 6 are arbitrary constants. 
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[d(T :, —— , ; 
( 7) en = 280 sech? 20e,—C, sech 20¢,. (63) 
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STRAIN IN WAKE OF PLASTIC WAVE ,% | 


FiGurE 7. Curves of U/C, V/C, and W/C as functions of €, for 
a filament having a linear tension-strain curve. 


In the region 0 <e, <0.11221 the transverse-wave velocity is given by 


, T . /0.05 tanh 20¢, 
/ = \ V/ i = ( ‘ V | . 
MM (1-- €,) T €p 
When e, is equal to or greater than 0.11221, the transverse-wave velocity is constant at the 
value U,=0.20967C,. 
Filament material in the wake of the plastic-wave front flows inward at a velocity given by 


(64) 


. Ce |/1 aT F : : 
W= VM da da=0.05C, tan~'(sinh 20¢,)- (65) 


Figure 9 gives the curves of U/C,, V/C,, and W/C, as functions of ¢, for this material. 
The dotted lines give portions of the corresponding curves for the Hookean material. 

Other behavior features of a material having the nonlinear tension-strain curve of eq (62) 
are given in figures 10, 11, 12, and 13. Figure 10 shows the strain distribution along the fila- 
ment after transverse impact at various speeds up to 0.177C,.. The dimensionless parameter 
z/Cd is used as the abscissa. A particular value of this parameter, 0.6 for instance, can be 
interpreted as a distance down the fiber 0.6 as far as the elastic wave has propagated. The 
dotted line gives the strain at the transverse-wave front as a function of the location of the 
transverse-wave front. Thus the strain in the filament after a transverse impact at velocity 
of 0.151C, increases as shown up to a strain of 8 percent between the elastic- and plastic-wave 
fronts, and then remains constant. The plastic-wave front propagates at a velocity of C, 
0.388C,, and the transverse-wave front at a velocity of UU =0.207C, for this case. 

Figure 11 shows the horizontal component of the inward-flow velocity for different points 
along the filament. The location of a point on the filament is designated by the same distance 
parameter used in figure 10. Consider, for instance, the case in which the filament is impacted 
at velocity 0.173C,. The strain in the wake of the plastic-wave front is 16 percent. The 
flow velocity at various points along the filament between the elastic-wave front and the 
transverse-wave front at z/C4=—0.210 increases to the value 0.0680C, as shown. As the fila- 
ment is horizontal in this region all of the flow is horizontal and directed inward. In the wake 
of the transverse-wave front the filament has changed its direction. The horizontal component 
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strain curve 

FicureE 11. Horizontal component of flow velocity at various 
points along the length of filament having iension-strain curve 
given by (T/M)=14 tanh 20¢, after transverse impact. 


A filament impacted at velocity V=0.173C,., for example, has a strain in the 
wake of the plastic-wave front of 16 perceat. The inward-flow velocity at various 
points along the filament between the elastic-wave front and the transverse-wave 
front at z/C ,t=0.210 increases to the value 0.0680C,. In the wake of the transverse- 
wave front the filament has changed direction, and the horizontal component ‘of 
flow velocity, therefore, decreases abruptly to the value 0.0045C,, and then de- 
| creases gradually to zero at z/C,t=0.081, the location of the plastic-wave front, 





of the flow velocity, therefore, decreases abruptly to the value 0.0045C,. It then decreases 
gradually to zero at z/C,t=0.081, the location of the plastic-wave front. Between the plastic- 
wave front and the impact point the horizontal component of the flow velocity is zero. 
Figure 12 shows how the angle @ of the transverse wave varies with the strain e, in the 
wake of the plastic-wave front. The solid line gives calculated values of cos @ and @ for the 
material with the nonlinear tension-strain curve. The dotted line gives the values calculated 
for the Hookean material. The angle @ increases negatively very rapidly for small values of 
e». Thus even at low values of ¢, and correspondingly low impact velocities, a well-defined 
tent-shaped wave may be expected. (For instance, if C,=2,400 m/sec and V=0.026C,=62.5 
m/sec, €,=0.5 percent and 6 21.75°.) At higher values of ¢«, the configuration of the 
transverse wave does not change much. This is illustrated in figure 13, where several con- 
figurations after impact are plotted for the filament having the nonlinear stress-strain curve. 
The locations of the plastic-wave front on several of these configurations where e, exceeds 
0.11221 are given by the black dots. 
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13 Configurations after transverse 
rmpact for filament having fension-strain 
curve given by T/M Li tanh 20. 

Before impact 


e oo, O110 C,, 
Fiat RE 12. Anale 6 which transverse wave makes with horv- , US, 151 ¢ 


1 
j , 12, | mec, 
zontal plotted as a function of the strain (e€, or &) at the trans- at 73 € 
verse-wave front f 2, 1 177 ¢ 
Solidfline: Filament having tension-strain curve given by ! ¢ last three 
Dotted line: Filament having linear tension-strain curve 
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